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Abstract
Cytokinins are a large group of phytohormones. Since their discovery in the 1950s, 
they have shown to play a pivotal role in plant physiology. Most studies so far focused on 
cytokinin action mechanisms and their metabolic regulation. Identification of AtABCG14 
and AtPUP14 as  cytokinin-specific  membrane carriers  brought  researchers'  attention  to 
cytokinin membrane transport, too.
In this thesis, we performed experiments with radio-labelled cytokinin tracers. We 
show that trans-zeatin and isopentenyladenine, two major biologically active cytokinins, 
are  readily  transported  across  the  plasma membrane  in  tobacco  BY-2 cell  suspension. 
Making use of mathematical modelling,  we show that  BY-2 cells  possess a membrane 
transport  system with an affinity  toward cytokinins.  Next,  we show that  atabcg14  and 
atpup14 mutations affect cytokinin metabolism in Arabidopsis thaliana plants.
Keywords: cytokinin, Arabidopsis thaliana, tobacco BY-2 cell lines, membrane transport, 
purine permease, ATP-binding cassette, radio-labelling
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Abstrakt
Cytokininy jsou významnou skupinou fytohormonů. Od svého objevu v 50. letech 
20. století se ukázaly být jedním z klíčových regulátorů rostlinné fyziologie. Jejich výzkum 
byl  dosud  zaměřen  na  mechanismus  jejich  účinku  a  na  metabolickou  regulaci  jejich 
působení.  Poté,  co  byly  proteiny  AtABCG14  a  AtPUP14  identifikovány  jako  jejich 
membránové  přenašeče,  se  začal  v  souvislosti  s cytokininy  zkoumat  také  jejich 
membránový transport.
V této práci  jsme v řadě experimentů  využili  sledování  radioaktivně  značených 
cytokininů. Ukazujeme, že trans-zeatin a isopentenyladenin, dva hlavní biologicky účinné 
cytokininy,  jsou  v tabákových  buněčných  liniích  BY-2  přenášeny  přes  plasmatickou 
membránu.  S využitím  matematického  modelování  ukazujeme,  že  se  na  membránách 
buňek  BY-2  nachází  transportní  systém  vykazující  afinitu  vůči  cytokininům.  Dále 
ukazujeme,  že  mutace  atabcg14 a  atpup14 mají  vliv  na  metabolismus  cytokininů 
v rostlinách Arabidopsis thaliana. [Anglicky]
Klíčová slova: cytokinin, Arabidopsis thaliana, tabákové buněčné linie BY-2, membránový 
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At Arabidopsis thaliana, mouse-ear cress
ATP Adenosine triphosphate
AUC Area under a curve
BAP 6-Benzylaminopurine

















ENT Equilibrative nucleoside transporter
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iPRDP Isopentenyladenine riboside diphosphate
iPRMP Isopentenyladenine riboside monophosphate
iPRTP Isopentenyladenine riboside triphosphate
IPT Isopentenyl transferase
LC Liquid Chromatography
LOG “Lonely guy”, cytokinin phosphoribohydrolase
MES 2-(N-morpholino)ethanesulfonic acid
MS Mass spectroscopy
MS/2 “Half Murashige-Skoog”, a medium used to grow Arabidopsis 
plants
mT meta-Topolin
NASC Eurasian Arabidopsis stock centre, an Arabidopsis seed database
NBD Nucleotide-binding domain
Nt Nicotiana tabacum, tobacco
OE Overexpressor
Os Oryza sativa, Asian rice
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tZRMP trans-Zeatin riboside monophosphate
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1.2 Symbols
c or [] Concentration mol×L-1
J Diffusion flux mol×m-2×s-1
KA Acidity constant dimensionless
KI Inhibition constant mol×L-1
KM Transporter affinity constant mol×L-1




v Transport rate mol×L-1×s-1
Vmax Maximal (limit) transport rate mol×L-1×s-1




2.1.1 The Concept of Hormonal Regulation in Plants
To  cope  with  limitations  provided  by  the  sessile  lifestyle,  such  as  lack  of 
behavioural  reactions,  and  to  thrive  under  varied  environmental  conditions,  the  plants 
possess complex mechanisms to regulate their growth, development and metabolism. A lot 
of such processes are mediated by chemical compounds called phytohormones or plant 
hormones.  As  reviewed  in  [1],  the  exact  definition  of  phytohormones  has  not  been 
introduced.  While  it  has  been  stated  that  phytohormones  are  substances  capable  of 
promoting  or  inhibiting  plant  physiological  processes,  effective  at  relatively  low 
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Figure 1: Structural diversity of phytohormones. Those hormones that belong to a larger group of  
























































concentrations  (typically  within  the  range  of  units  or  tens  of  µmol×L-1),  some  other 
questions,  such  as  if  the  term  should  apply  to  synthetic  compounds  as  well,  remain 
unsolved [1], [2].
The existence of such molecules in plants was proposed decades before their actual 
discovery  and  before  the  concept  of  hormonal  regulation  arose.  Notably,  Charles  and 
Francis  Darwin  advocated  for  the  existence  of  compounds  that  would  be  transported 
between the root and the shoot and that would induce plant movements in direct response 
to light and gravity, phenomena known as phototropism and gravitropism, respectively [3]. 
Later research showed that these processes are indeed mediated by regulatory molecules, 
namely by plant hormones known as auxins [4], [5].
Nowadays, the known phytohormones are divided into several classes, including 
aforementioned  auxins  [6],  [7],  cytokinins,  that  will  be  the  main  topic  of  this  thesis, 
gibberellins  [8],  [9],  brassinosteroids  [10],  [11] and  strigolactones  [12],  [13]. 
Phytohormones belonging to one of these classes may have in common both function in 
plants and structural features. Apart from them, there are also phytohormones which do not 
belong to any group. They include ethylene  [14], abscisic acid  [15], [16], jasmonic acid 
[17], [18] and salicylic acid [19], [20]. Structures of various phytohormones can be seen in 
Figure 1. Recently, the signalling function of some plant peptides has been observed as 
well [21].
2.1.2 Comparison of Plant and Mammalian Hormones
Initially,  the  phytohormones  were  supposed to  obey a  general  model  of  action, 
wherein they are transported from the site of synthesis to the site of action via vascular 
tissues.  This  would be an analogy of  the  mammalian  endocrine system, thus  the  term 
“hormone” was adopted [22]. However, the following decades of research have shown that 
the plant and mammalian hormones have little in common.
As  seen  in  Figure  1,  plant  hormones  are  typically  low-molecular,  whereas,  in 
mammalian endocrine regulation, large peptides and proteins are involved as hormones as 
well.  Even so,  one may find that both plant and mammalian hormones include steroid 
compounds, substances derived from fatty acids (compare biosynthesis of jasmonic acid in 
plants [18] and arachidonic acid derivatives in mammals [23]) or amino acid metabolites; 
for instance, tryptophan is a common precursor of both indole-3-acetic acid (IAA), the 
most abundant auxin [24], and mammalian melatonin, secreted by pineal gland [25].
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In  contrast  to  mammals,  plants  do  not  form  tissues  specialized  to  hormone 
production  and  conversely,  all  phytohormones  can  be  synthesized  in  almost  any  cell, 
though the rates of their production may differ.
Contrary to the original belief mentioned above, the classical “synthesis-transport-
action” isn’t  sufficient  for all  hormone-mediated processes in plants.  Along with being 
distributed via long-distance transport, plant hormones can also affect cells in the paracrine 
manner, where the target cells are adjacent to the site of synthesis, in the autocrine manner, 
where the hormone affects the same cell in which it has been produced [22], [26].
While most mammalian hormones can be associated with their particular effects on 
the organism, things are more complicated when it comes to plants. Phytohormones rarely 
act on their own; instead, they are often subject to crosstalk, be it with another hormone, a 
different  kind  of  signal  molecule  or  environmental  stimuli.  This  can  be  shown on the 
complicated relationship between auxins  and cytokinins,  as  these two major  groups of 
phytohormones  regulate  each  other’s  synthesis,  metabolism,  transport  and  signalling 
pathway [27]. Besides, a hormone-mediated process can also depend on the type and age 
of the tissue wherein it takes place. Therefore, we can say that a certain plant hormone 
typically affects diverse processes and that a certain process is a result of multiple signal 
pathways interaction [26], [28], [29].
All thing considered,  plant and mammalian hormones are unlike substances. All 
they have in common is that they act as chemical messengers in their respective organisms.
2.1.3 Plant Hormones Outside of Plant Biology Studies
The interest in phytohormones reaches beyond the area of basic research in plant 
physiology. To begin with, salicylic acid has been used as an anti-inflammatory agent for 
centuries, be it in a form of willow bark and leaves or as a drug known as aspirin  [19], 
[30]. As reviewed in [31], the effects of jasmonic acid and its derivatives, mainly its methyl 
ester, on the human organism and their potential use in medicine have been profoundly 
studied. Cytokinins were studied in relation to the antioxidant protection of mammalian 
cells [32], which led to their application in cosmetics [33].
It is not surprising that the knowledge of plant hormones has many applications in 
agriculture and horticulture. For instance, auxins function as a base of many herbicides 
[34].  Ethylene  promotes  ripening in  some fruits,  even in  those that  have  been already 
picked. In large-scale  agriculture,  it  is  common to pick certain fruits,  notably bananas, 
unripe and transport them in this state. Eventually, they are artificially ripened with the 
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exogenous  application  of  ethylene.  Such a  procedure  is  usually  more  economical  than 
harvesting ripe fruits, as the damage caused by transport is minimized and the ripening 
process may be regulated according to customers’ demand [35]. The hormonal treatment, 
most  notably  the  exogenous  application  of  gibberellins,  is  also  used  for  seedless  fruit 
production [36], [37].
2.2 Structure and Chemical Properties of Cytokinins
2.2.1 Structural Diversity of Naturally-Occurring and Synthetic 
Cytokinins
As stated above, cytokinins,  both naturally-occurring and synthetic,  are  a major 
group  of  plant  hormones.  Cytokinin  signalization  is  involved  in  several  physiological 
processes  and  plant  interactions  with  the  environment  [38].  Similarly  to  most  plant 
hormones  described  so  far,  cytokinins  are  low-molecular.  All  naturally-occurring 
cytokinins may be described as derivatives of adenine. The said derivatization occurs at N6 
atom, where the hydrogen residue, present in adenine, is substituted by a side chain. Based 
on  their  chemical  structure,  the  N6-side  chains  can  be  classified  as  either  isoprenoid, 
containing a five-carbon branched moiety, or aromatic, containing a benzene ring. Both 
kinds of side chain may be further derivatized [39], [40]. The same classification applies 
for cytokinins as whole molecules, too.
The  first  naturally-occurring  cytokinin  was  discovered  by  Letham  et.  al  [41]. 
Because it was isolated from maize, or Zea mays in Latin, the authors dubbed it zeatin. Its 
side chain is of an isoprenoid character, consisting of an isoprenoid moiety with a terminal 
hydroxyl  group  [42].  Considering stereochemistry of such a  compound,  it  follows that 
zeatin  can adopt  either  trans or  cis  configuration on the side-chain double bond. Both 
trans-zeatin  (tZ)  and  cis-zeatin  (cZ)  occur  in  plants  as  and  they  are  treated  as  two 
individual substances  [43]. While tZ is a biologically active cytokinin in all plants, the 
activity of cZ differs in various plant species. In Arabidopsis thaliana (or mouse-ear cress), 
the main model plant organism, cytokinin receptors display much greater affinity toward tZ 
than toward cZ [44]. Other isoprenoid cytokinins include isopentenyladeinine (iP), whose 
side  chain  consists  of  an  isopentenyl  moiety  without  further  derivatization,  and 
dihydrozeatin (DHZ), a product of formal reduction of the double bond present in the side 
chain of either tZ or cZ [39], [40].
Naturally-occurring  aromatic  cytokinins  comprise  6-benzylaminopurine  (BAP), 
whose  side  chain  consists  of  a  benzyl  residue,  and  its  derivatives.  Formal 
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monohydroxylation  of  the  aromatic  ring  within  such a  side  chain  yields  three  distinct 
products, collectively called topolins. Such a name was derived from “topol”, the Czech 
word for the poplar tree (Populus x canadensis), from which the topolins were originally 
purified. According to the hydroxyl position, the three BAP derivatives are classified as 
either ortho-, meta- or para-topolin [39], [45]–[47].
Synthetic cytokinins may be derivatives of adenine as well. A striking example of 
such  a  compound  is  kinetin,  the  first  substance  with  cytokinin  activity  described.  Its 
discovery dates back to the '50s when C. Miller and F. Skoog proposed the existence of a 
cell  division-promoting  factor  in  coconut  milk.  Later,  they  managed  to  isolate  such  a 
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Figure 2: Structural diversity of cytokinins. Naturally-occurring cytokinins are derivatives of 
adenine (the substitution site is marked in the upper left corner). Based on the substituent 
character, such cytokinins are classified either as isoprenoid or aromatic. Synthetic cytokinins can  
be derivatives of either adenine, such as kinetin, or 1,3-diphenylurea (which is considered a 
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compound by autoclaving animal DNA. They proposed the name kinetin,  reflecting its 
effect on cell division. Eventually, kinetin was revealed to be N6-furfuryladenine, with an 
aromatic side chain  [48]–[50]. Some other synthetic cytokinins are formal derivatives of 
phenylurea, e.g. diphenylurea (DPU), thidiazuron (TDZ) and  N-(2-chloro-4-pyridyl)-N’-
phenylurea (CPPU)  [39]. While TDZ and its hydroxylated derivatives are recognized by 
cytokinin receptors  and cytokinin-specific  enzymes  [51]–[53],  DPU rather  prevents  the 
degradation of endogenous cytokinins  [54]. Structural formulas of various cytokinins are 
given in Figure 2.
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Figure 3: Various cytokinin forms are shown on an example of trans-zeatin (tZ). Conjugation of 
the tZ free base with a ribose moiety via an N9-glycosidic bond yields trans-zeatin riboside (tZR). 
Further tZR fosforylation yields trans-zeatin monophosphate (tZRMP), diphosphate (tZRDP), and  
triphosphate (tZRTP). Glycosylation of tZ at the side-chain O atom, via an O-glycosylic bond, 
yields trans-zeatin O-glucoside (tZOG). Glycosylation of tZ at N7 and N9 atom yields trans-zeatin 


























































2.2.2 Variety of Cytokinin Forms and Roles
The adenine-like cytokinins discussed above are classified as free bases. It means 
that their adenine core is not derivatized anywhere but on the N6 atom. The free bases are 
generally  considered  the  biologically  active  forms  of  cytokinins  [40].  Other  forms  of 
cytokinins  include  cytokinin  nucleosides  (or  ribosides),  nucleotides  (or  riboside 
monophosphates) and glucosides.
Nucleosides  generally  consist  of  a  base  attached  to  a  pentose  moiety  via  an 
N-glycosylic bond. In the case of cytokinins, the adenine derivatives are conjugated with 
ribose. The ribosylation occurs on the N9 atom. In cytokinin nucleotides, the ribose moiety 
is further linked to a phosphate group via a phosphodiester bond. Cytokinin glucosides are 
conjugates of free bases with a glucose moiety either via an N-glycosylic bond, which may 
occur in multiple positions, or an O-glycosylic bond, which is confined to the hydroxylic 
group of tZ,  cZ, and DHZ side chains. Cytokinin nucleosides and glucosides are often 
referred to as transport and storage forms of cytokinins, respectively. Cytokinin nucleotides 
appear as intermediates in cytokinin biosynthesis (see 2.3.1) [39], [40]. Different cytokinin 
forms, demonstrated on tZ, are depicted in Figure 3.
Cytokinin  nucleotides  can  be  also  found  incorporated  into  tRNAs  of  most 
organisms,  except  for  Archaea.  Their  presence  stems from enzymatic  modifications  of 
adenine bases that already make part  of tRNA molecules. Their  function is to stabilize 
codon-anticodon interactions during translation [55], [56].
2.3 Cytokinin Metabolism
2.3.1 Biosynthesis of Biologically Active Cytokinins
The  biosynthesis  of  isoprenoid  cytokinins  tZ  and  iP begins  by  conjugation  of 
adenosine  monophosphate  (AMP),  diphosphate  (ADP)  or  triphosphate  (ATP)  with  an 
activated  isoprenoid  moiety  –  either  dimethylallyl  pyrophosphate  (DMAPP)  or 
hydroxymethylbutenyl  pyrophosphate  (HMBPP).  Such  reactions  yield  iP  and  tZ 
nucleosides,  respectively,  bearing  the  corresponding number  of  phosphate  groups  [40], 
[57].
In plants, DMAPP is produced via two distinct pathways. The mevalonate pathway 
comprises  of  subsequent  condensation  of  three  acetyl-CoA  molecules,  yielding 
acetoacetyl-CoA and 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). The latter is reduced 
to mevalonate. Two phosphorylation steps follow, yielding mevalonate 5-phosphate and 
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mevalonate  5-diphosphate.  Mevalonate  5-diphosphate  is  converted  to  isopentenyl 
pyrophosphate  (IPP)  through  decarboxylation  and  dehydration.  Eventually,  DMAPP is 
formed  as  a  product  of  a  reversible  isomerization  reaction  from IPP.  This  pathway  is 
common to all eukaryotes and is localized in the cytoplasm [58], [59]. On the other hand, 
the MEP pathway, named after 2-C-methyl-D-erythritol 4-phosphate, is found in bacteria 
and  plastids  only.  DMAPP is  produced  by  a  series  of  reactions  from  pyruvate  and 
D-glyceraldehyde 3-phosphate. Since mevalonate is not formed, the MEP pathway is also 
called  mevalonate-independent.  One of  the  MEP pathway intermediates  is  HMBPP, an 
alternative source of the cytokinin isoprenoid side chain [59]–[61].
The conjugation between an adenine nucleotide and an activated isoprenoid moiety 
is  catalysed  by  isopentenyl  transferases  (IPTs).  Such  a  reaction  was  first  found  in 
Dictyostelium discoideum,  a unicellular eukaryote  [62]. Subsequently, the  IPT  gene was 
identified  in  Agrobacterium  tumefaciens,  a  micro-organism  known  mainly  as  a  plant 
pathogen [63]. With the use of bioinformatics tools, nine IPT homologues were identified 
in Arabidopsis, denoted AtIPT1-9 [64]. It was shown that AtIPTs prefer ADP or ATP (but 
not AMP) and DMAPP, rather than HMBPP, as substrates  [65]. Further studies revealed 
that AtIPTs differ in their subcellular localization, tissue specificity and roles in cytokinin 
metabolism. AtIPT1, 3, 5 and 8 are localized to plastids and they utilize DMAPP produced 
via  the  MEP  pathway.  AtIPT4  and  7  are  localized  to  cytoplasm  and  mitochondria, 
respectively, and they utilize DMAPP produced via the mevalonate pathway [66]. AtIPT2 
and  9  catalyse  the  transfer  of  the  prenyl  group  to  tRNA,  rather  than  to  free  adenine 
nucleoside  phosphates.  Being  localized  to  the  cytoplasm,  they  make  use  of  DMAPP 
produced via the mevalonate pathway. It was proposed that tRNA prenylation by AtIPT2 
and 9, followed by hydroxylation and hydrolysis, is an important mechanism of free cZ 
biosynthesis [66]–[68]. This model is further supported by the relatively high occurrence of 
cZ-like nucleotides in plant tRNAs [69].  The role of AtIPT6 is yet to be examined [40], 
[57], [66].
Initial  products  of  non-tRNA IPTs  are  isopentenyladenine  riboside  diphosphate 
(iPRDP) or triphosphate (iPRTP). These iP-type nucleoside phosphates can be converted to 
their corresponding tZ-type analogues via trans-hydroxylation. Such a reaction is catalysed 
by cytochrome P450 monooxygenases of the CYP735A subfamily.  In  Arabidopsis,  two 
genes participate in iP-type nucleoside phosphates trans-hydroxylation, CYP735A1 and 2. 
Both of these prefer iPRDP and isopentenyladenine riboside monophosphate (iPRMP; i.e. 
a product of iPRTP and iPRDP defosforylation) as substrates, though they are capable of 
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converting iPRTP as well. Conversely, they do not trans-hydroxylate isopentenyl riboside 
(iPR) nor free iP [70]. The respective products of CYP735A1 and 2 are called trans-zeatin 
riboside triphosphate (tZRTP), diphosphate (tZRDP) and monophosphate (tZRMP).
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Figure 4: Basic biosynthesis scheme of trans-zeatin (tZ) and isopentenyladenine (iP). An adenine 
nucleotide, such as adenosine diphosphate (ADP) is prenylated. The side chain donor can be 
either (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) or dimethylallyl 
pyrophosphate (DMAPP). The reaction is catalysed by isopentenyl transferases (IPTs), such as 
AtIPT1,3-8 or Tmr. The initial product of this reaction is trans-zeatin riboside diphosphate 
(tZRDP) or isopentenyladenine riboside diphosphate (iPRDP), respectively. The isoprenoid side 
chain can be also transferred to adenosine triphosphate (ATP), as shown in brackets. In such a 
case, trans-zeatin riboside triphosphate (tZRTP) or isopentenyladenine riboside triphosphate 
(iPRTP) are formed. Cytokinin riboside phosphates are dephosphorylated to corresponding 
riboside monophosphates. These can be directly converted to the respective free bases. Such a 
reaction is catalysed by “Lonely guy” enzyme (cytokinin-activating phosphoribohydrolase), 
AtLOG1-9. Alternatively, cytokinin riboside phosphates can be dephosphorylated and 
deribosylated in two subsequent steps. As shown in the bottom right corner, iP ribosides can be 
converted to those of tZ via CYP735A1 and 2. This is a preferred way of tZ-type cytokinins in 
plants, whose IPTs have low affinity to HMBPP in general. Rib: ribose moiety, P: phosphate 



















































While  Arabidopsis IPTs use DMAPP as the only source of the prenyl group for 
cytokinin biosynthesis, an IPT identified in Agrobacterium, denoted as Tmr, catalyses the 
transfer  of  both  DMAPP and HMBPP to  AMP.  When infecting  plants,  Agrobacterium 
possesses an ability to transfer a portion of its genetic code, or the T-DNA localized within 
so-called Ti plasmid, into the host’s genome. (On a side note, this ability has been readily 
used as a powerful tool in plant genetic engineering [71]). The Tmr gene is a part of the Ti 
plasmid and after  the  infection,  it  is  expressed  with  the  host  plant  cells.  The reaction 
catalysed by Tmr directly produces tZRMP, which is readily converted to the biologically 
active tZ [72]. The trans-hydroxylation step, regulated by auxins [70], is skipped and the 
infected plant becomes impaired in phytohormone homoeostasis control. The uncontrolled 
biosynthesis of tZ-type cytokinins eventually leads to the formation of a tumour [72].
The  last  step  of  cytokinin  biosynthesis  consists  in  the  conversion  of  cytokinin 
riboside monophosphates to biologically active free bases. Originally, a model consisting 
of two subsequent enzymatic reactions had been proposed. According to this model, the 
cytokinin  nucleotides  are  substrates  of  5’-nucleotidases,  which catalyses  the  hydrolytic 
cleavage of  the 5’-phosphoester  bond,  yielding the corresponding cytokinin nucleoside 
[73].  Next,  the  N-glycosylic  bond  of  the  cytokinin  nucleoside  is  hydrolysed  by  a 
nucleosidase, yielding the free base [74]. Later, another pathway was found in rice shoot 
meristem, where cytokinin nucleotides are directly converted to the free bases via a single 
enzymatic  reaction.  During  such  a  reaction,  the  N-glycosylic  bond  of  a  nucleotide  is 
hydrolysed, yielding the corresponding free base and ribose 5’-monophosphate. Mutations 
in  genes coding these enzymes often caused that  only one stamen and no pistils  were 
present in flowers. Hence, the gene family was dubbed “Lonely Guy” (LOG) [75]. Further 
analysis showed that the Arabidopsis genome harbours nine LOG genes (AtLOG1 – 9) that 
are  at  least  partly  redundant  in  their  functions,  as  single-gene  mutants  do  not  exhibit 
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Figure 5: Biosynthesis of cis-zeatin (cZ). Arabidopsis isopentenyl transferases AtIPT2 and 9 
transfer an isopentenyl moiety from dimethylallyl pyrophosphate (DMAPP) to adenine bases 
incorporated into tRNA. This reaction is followed by tRNA breakdown, which eventually yields cZ 

















defects. The results of studies on Arabidopsis LOG genes suggest that the LOG-mediated 
pathway plays a crucial role in cytokinin metabolism [76], [77]. Biosynthesis of tZ and iP 
is depicted in Figure 4.
Biosynthetic  processes  of  other  cytokinins  than  tZ  and  iP are  less  explored.  A 
reductase converting tZ to DHZ was identified in common bean extracts [78], but no gene 
coding such an enzyme has been found yet. A cZ biosynthetic pathway from prenylated 
tRNA, mentioned above, is depicted in Figure 5. It was suggested that cZ may be produced 
via enzymatic interconversion of tZ.  A putative enzyme catalysing such a reaction was 
partially purified [79]. However, a more recent study showed that the reaction observed in  
vitro was non-enzymatic and that the said interconversion is unlikely to occur in plants 
[80]. As for aromatic cytokinins, no model of their biosynthesis has been proposed yet.
2.3.2 Processes of Cytokinin Inactivation
There are two main ways of cytokinin free bases metabolic inactivation – oxidative 
cleavage at the N6 atom, producing adenine and an oxidized form of the corresponding side 
chain, and conjugation of a cytokinin molecule with glucose. The oxidative cleavage is an 
irreversible process catalysed by cytokinin oxidases/dehydrogenases (CKXs). The CKX 
enzymatic activity was first observed in crude tobacco extracts, where radio-labelled iPR 
was converted to adenosine  [81]. Similar activity was observed in lots of other types of 
plant  material  (reviewed in  [82]).  ZmCKX1 gene  from maize  was  the  first  CKX gene 
successfully  cloned and expressed  [83],  [84].  Using bioinformatics  tools,  several  other 
CKX genes  were  predicted,  including  seven genes  in  Arabidopsis,  denoted  AtCKX1-7. 
AtCKX1-6 were  shown  to  code  functional  enzymes  [85],  [86].  The  CKXs  had  been 
originally believed to be copper-dependent amine oxidases, catalysing an electron transfer 
from the substrate to molecular oxygen and yielding hydrogen peroxide as a by-product. 
This view was supported by some apparent similarities between the CKXs and known 
copper-dependent  oxidase,  such  as  inhibition  by  cyanamide,  post-translational 
glycosylation  or  formation  of  an  imine  intermediate  (summarized  in  [82]).  However, 
several later studies challenged this model. It was shown that CKXs are functional under 
anaerobic conditions  [87]–[89] and that they contain a covalently-bound flavin cofactor, 
flavin adenine dinucleotide (FAD)  [83],  [84],  [87].  The putative presence of  copper  in 
CKXs’ active sites was disproved by both atomic absorption analysis and assays including 
a  copper  chelator  [87].  When  tested  as  potential  substrates  of  an  actual  plant  amine 
oxidase, cytokinins acted rather as inhibitors. It was also pointed out that amine oxidases 
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catalyse the oxidation of primary amines, whereas the cytokinin amino group at the  N6 
position is a secondary one [90]. All the pieces of evidence considered, another model was 
proposed, wherein CKXs act as flavin-dependent dehydrogenases, transferring electrons 
from the substrate to FAD and ultimately to a final acceptor, which is yet to be determined 
[85], [88].
Cytokinin glycosylation, or conjugation with glucose, can occur at N7 and N9 atoms 
(N-glycosylation) of the adenine core or the O atom within the side chains of tZ, cZ and 
DHZ (O-glycosylation). The enzymes catalysing cytokinin glycosylation belong to a large 
family of UDP glycosyltransferases (UGTs), which recognize UDP glycosyl moieties as 
substrates  [91].  In  Arabidopsis,  five  UGT genes  participate  in  cytokinin  glycosylation. 
UGT76C1 and  76C2 products  are  N-glycosyltransferases  (each  of  the  two  enzymes 
catalyses both N7- and N9-glycosylation), whereas UGT73C1, 73C5 and 85A1 products are 
O-glycosyltransferases [92].
N-glycosylation  is  often  characterized  as  irreversible;  however,  recent  findings 
challenged this view [93]. Enzymes responsible for N-glycosylation, UGT76C1 and 76C2, 
were shown to accept tZ, cZ, DHZ, BAP, and kinetin as substrates  [92]. Further studies 
revealed  that  ugt76c1  and  76c2  mutations  lead to  decreased  content  of  N-glycosylated 
cytokinins  in  plants  and  enhanced  sensitivity  to  exogenously  applied  cytokinins. 
Conversely,  UGT76C1  and  76C2 over-expression  leads  to  increased  accumulation  of 
N-glycosylated cytokinins in plants and decreased sensitivity toward exogenous cytokinins 
[94], [95].
Interestingly, the contents of cytokinins in forms of free bases in ugt76c1 and 76c2 
mutants remained similar to those in the wild type. Moreover, neither the ugt76c1 mutant 
nor  UGT76C1 overexpressor  displayed  significant  phenotype  changes.  These  findings 
correspond  with  changes  in  expression  patterns  of  genes  participating  in  cytokinin 
metabolism; expression of CKXs, for instance, was elevated in ugt mutants and reduced in 
UGT overexpressors.  Such a change in expression pattern compensates for  the loss  of 
N-glycosyltransferases action [93]–[95].
O-glycosylated  cytokinins  can  be  converted  back  to  their  active  forms  by  a 
β-glucosidase,  and they are hence considered to be a stable storage form of respective 
cytokinin species [40], [96].
The over-expression of  UGT85A1 yielded results  analogous to  those mentioned 
above – transgenic plants accumulated more cytokinin  O-glucosides and they were less 
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sensitive to exogenous cytokinins, in comparison to wild-type plants  [97]. Processes of 
cytokinin inactivation are summarized in Figure 6.
2.4 Cytokinin Transport Mechanisms
2.4.1 Motivation of Cytokinin Transport Studies
The distribution of signal molecules, including the cytokinins, and their availability 
in   organs, tissues and cell compartments greatly affects the processes modified by them. It 
follows  that  systems  regulating  their  transport  at  all  scales,  ranging  from membrane-
associated transport proteins to vascular networks running throughout different tissues and 
organs, make up a powerful tool of plant growth and development control.
Concerning plant hormones, transport mechanisms have been so far studied mainly 
in relation to auxins. A detailed summary of auxin transport at the cellular level is given, 
for instance, in  [98]. Apart from methods of molecular biology, biochemistry, analytical 
chemistry and so on, auxin transport has been also studied via mathematical modelling. 
First emerging in the '80s, various models of auxin transport have been proposed, focusing 
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Figure 6: Cytokinin free bases conversion, shown on an example of trans-zeatin (tZ). Cytokinin 
oxidases/dehydrogenases (CKXs) catalyse irreversible tZ degradation, yielding adenine (Ade) and  
(E)-4-hydroxy-3-methyl-2-butenal (HMB). O-glycosylation of tZ is catalysed by UGT85A1 and 
produces trans-zeatin O-glucoside (tZOG). Conversion of tZOG back to tZ is catalysed by a 
β-glucosidase. N-glycosylation of tZ is catalyzed by UGT76C1 and 2. It occurs either on the N7 or 
N9 atom, yielding trans-zeatin N7-glucoside (tZ7G) and trans-zeatin N9-glucoside (tZ9G), 













































mostly on its relation to vein formation [99]–[102] or phyllotaxis [103], [104]. A detailed 
review of auxin transport modelling is given in [105].
Extensive studies of plant transport mechanisms specific to cytokinins make up one 
of the contemporary plant hormone research topics. In the following parts, fundamental 
principles of membrane transport will be reviewed. For further reading on these topics, 
detailed textbooks dealing with the physical and chemical aspects of biological membranes 
and cellular transport, such as Lodish’s “Molecular Cell Biology” [106] are recommended. 
Next, the individual types of membrane transport will be put in a context of cytokinins or 
other  plant  hormones  and  the  most  important  works  on  cytokinin  transport  will  be 
summarized as well.
2.4.2 Simple Diffusion
Diffusion is a spontaneous directional movement of mass from one compartment to 
another. It is driven by a concentration gradient of the substance in question and it causes 
the substance to move from the compartment where the concentration of the substance is 
greater to the one where it is smaller.
The  physically  chemical  properties  of  diffusion  were  described  by  Adolf  Fick 
[107], [108]. A theorem known as Fick’s first law of diffusion describes proportionality 
between diffusion flux, J⃗  (i.e. the amount of mass passing through a unit of area per unit 
of time, in a dimension of mol×m-2×s-1), and the concentration gradient. Fick's first law 
states that:
J⃗=−D ∇ c , (1)
where  c  denotes the diffusing substance concentration (mol×L-1) and  D  the diffusion 
coefficient (m2×s-1) The nabla symbol,  ∇ ,  denotes the gradient operator. The negative 
sign implies that the diffusion occurs in  a direction against  the concentration gradient, 
which  itself  is  directed  alongside  increasing  concentration,  due  to  its  mathematical 
definition.
Fick’s  second  law  describes  how  the  concentration  of  the  diffusing  substance 
changes in time, i.e. the simple diffusion rate. It can be derived from Fick’s first law as  
shown in [108]. Fick's second law states that:
∂c
∂ t
=D∇ 2c , (2)
where t  denotes time (s).
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Simple passive diffusion in terms of cellular transport requires passage of a given 
substance through the lipophilic  inner environment  of the phospholipid bilayer.  Such a 
movement cannot occur if the molecules in question are too big or too polar (or, in extreme 
cases, charged)  [106]. Uncharged cytokinin free bases and nucleotides can pass through 
cell membranes, as discussed in  [109] and passive diffusion of cytokinins is often taken 
into account as a part of complex mathematical models. For instance, el-Showk et al. [110] 
examined cytokinin diffusion as one of the vascular patterning parameters. By varying the 
membrane permeability they explored possible effects of cytokinin spatial distribution on 
tissue development (which, however, turned out to be of little importance). Moore et al. 
[111] included cytokinin diffusion across cell membranes in a spatiotemporal model of 
major plant hormone species crosstalk during root development. In [112], it is stated that 
local production of cytokinins and subsequent longitudinal diffusion are key mechanisms 
of apical meristems maintenance.
Also, passive diffusion plays an important part in auxin polar transport.  Being a 
weak acid (with pK A  of approximately 4.85), the most abundant auxin, IAA, is present in 
both dissociated and non-dissociated forms. Since the dissociated one bears a negative 
charge, the cell membrane is permeable for non-dissociated auxin only. Due to differences 
in pH values of cytoplasm (around 7.0) and apoplast (around 5.5), an equilibrium between 
both auxin forms is being made in the latter. Non-dissociated auxin molecules diffuse into 
the  cell,  where  most  of  them  dissociate,  being  thus  prevented  from  returning  to  the 
apoplast. This simple model is known as the chemiosmotic hypothesis  [98], [113]–[116]. 
The relation between the forms of weak electrolytes is in general given by Henderson-





where  pK A  denotes negative logarithm of the acidity constant,  K A ;  [ A
−
]  and  [HA ]  
denote the concentrations of dissociated and non-dissociated forms of a weak electrolyte, 
respectively (mol×L-1). 
Considering that only the non-dissociated form is translocated via passive diffusion, 




×∇ c . (4)
Therefore, the diffusion flux becomes a function of not only the concentration, but also of 
the  pH ,  characterizing the environment,  and the  pK A ,  characterizing acidic  or  basic 
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properties of the diffusing substance. To estimate the effect of these parameters, one can 
compare magnitudes of inward and outward diffusion flux on a cellular membrane driven 
by  equally  great  concentration  gradients.  The  inward  flux,  J⃗ inw ,  depends  on  outer 
parameters Dout  and pH out , while the outward flux, J⃗ outw , depends on inner parameters 












neglecting  the  differences  between  diffusion  constants  and  considering  previously 
mentioned values of  pK A  and  pH s  relevant  to  IAA, one finds  that  the inward flux 
magnitude  is  about  26  times  greater,  which  is  qualitatively  in  accord  with  the 
chemiosmotic hypothesis.
Ethylene,  which  is  both low-molecular  and rather  hydrophobic,  readily  diffuses 
through the membranes as well. Being gaseous under standard conditions, it is emitted by 
plants, most notably by ripening fruits, similarly to other gases such as oxygen or carbon 
dioxide. In  [117], ethylene emission rate was measured in mango fruits to determine the 
fruit skin resistance to gas diffusion, a parameter stemming from an expansion of Fick’s 
first law.
2.4.3 Facilitated Diffusion
Generally  speaking,  few  kinds  of  molecules  are  eligible  for  passing  through 
biological membranes in the means of passive diffusion. The others must be translocated 
with help of membrane-localized transporters. A canonical transporter is usually described 
as a membrane-bound protein folded in such a manner that its hydrophobic residues are 
exposed on the outer surface, interacting with the membrane, while the polar residues face 
inward,  creating  a  funnel  and enabling  for  translocation  of  molecules  without  passing 
through the hydrophobic environment of the biological membrane. The transporters are 
specific  for  a  certain  substance  or  a  structurally  relevant  group  of  molecules.  This  is 
achieved by a specific arrangement of polar groups throughout the inner surface so that 
their  distances  mimic  the  diameters  of  primary  solvation  envelopes  of  translocated 
molecules [106]. 
In  the  case  of  the  facilitated  diffusion,  another  type  of  membrane  transport 
mechanism,  the  presence  of  membrane  transporters  doesn’t  affect  the  thermodynamic 
properties of the transport. In other words, the transport is still driven by the concentration 
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gradient,  it  is  realized  against  the  direction  of  this  gradient  and  it  occurs  until  the 
equilibrium of chemical gradient is achieved. The transporters, however, do greatly affect 
the transport kinetics.
Thanks to many similarities between membrane carriers and enzymes, facilitated 
diffusion  kinetics  can  be  described  using  the  well-known  Michaelis-Menten  equation 
[118], [119], which states that:
v=
V max [S]
K M +[ S]
, (6)
where  v  denotes initial  reaction,  or in  our case transport  rate  (mol×L-1×s-1),  V max  its 
maximal  (or limit)  value (mol×L-1×s-1),  [S ]  the substrate  concentration (mol×L-1),  and 
KM  a  constant  related  to  the  transporter  affinity  toward  the  substrate  (mol×L
-1)  –  an 
analogue of Michaelis constant used in enzyme kinetics.
Apart  from  substrates,  inhibitors  bind  to  transporters  as  well.  In  the  case  of 
competitive  inhibition,  the  substrate  and the  inhibitor  act  as  rivals,  competing for  free 
binding sites provided by the transporter.  Therefore,  the transporter  affinity toward the 





K I )K M+[ S]
,
(7)
where  [I ]  denotes the inhibitor concentration (mol×L-1) and  K I  the inhibition constant 
(mol×L-1), which characterizes the transporter's affinity toward the inhibitor.
2.4.4 Active Transport and ATP-Binding Cassettes in Plants
Unlike  both  types  of  diffusion  discussed above,  active  transport  of  a  substance 
occurs in the sense of its concentration gradient. It means that the substrate concentration 
gradient becomes greater as the transport proceeds. Such a process is highly endergonic 
and therefore it has to be coupled with an exergonic one.
A widely-employed exergonic process coupled to active transport is the hydrolysis 
of adenosine triphosphate (ATP), a ubiquitous macroergic molecule. Such a coupling is 
called  primary  active  transport.  Both  ATP  hydrolysis  and  substrate  translocation  is 
mediated by a single membrane-bound transporter – a member of ATP-binding cassette 
(ABC) family. It is safe to say that the ABC family plays a pivotal role in most living 
organisms, given a large number of its members and the fact that ABC transporters can be 
found throughout all organism kingdoms, both prokaryotic and eukaryotic [120], [121].
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Canonical  ABC  transporters  are  composed  of  four  functional  domains;  two 
nucleotide-binding domains (NBDs) are responsible for both binding and hydrolysis  of 
ATP,  whereas  the  other  two,  known  as  transmembrane  domains  (TMDs),  keep  the 
transporter anchored in the biological membrane and make up a pathway for a substrate 
being translocated. Based on their membrane topology, ABC transporters are classified as 
importers  and  exporters.  Importers  translocate  the  substrate  to  the  same  size  of  the 
membrane where their NBDs are to be found, whereas exporters translocate the substrate 
to the other side. Concerning eukaryotes, ABC importers have been found only in plants so 
far,  while  the  exporters  are  present  within  all  kingdoms.  Prokaryotes  have  both  ABC 
exporters and importers as well [122], [123].
There  are  over  130  genes  coding  the  ABC  transporters  in  the  genome  of 
Arabidopsis  thaliana,  or  mouse-ear  cress.  These  genes  have  been organized  into  eight 
subfamilies,  denoted  by  letters  A-G  and  I.  This  kind  of  classification  is  based  on 
phylogenetic  relations  among  individual  genes  and  the  domain  organization  of  their 
products. Subfamilies  AtABCA-G were defined according to a similar classification that 
had been done for human ABC transporters. They bear certain resemblances to their human 
counterparts  and they code either a half-size or a full-size transporter.  Members of the 
AtABCI subfamily, on the other hand, have no analogues in the human genome and their 
products consist of a single domain only. In this regard, they are similar to prokaryotic 
ABC transporters [122], [124], [125].
Plant ABC transporters are commonly associated with detoxification of xenobiotic 
compounds and distribution of many plant metabolites, including phytohormones  [122]. 
Genes AtABCB1, 4 and 19 are involved in auxin transport [126]–[129] and to interact with 
other auxin transporters, such as those of the PIN-FORMED (PIN) family [130]. Bailly et 
al. used methods of homologous modelling to predict crystal structures of AtABCB1, 4, 14  
and 19, that were subsequently analysed in terms of architecture, putative binding sites and 
substrate specificity [131]. Two members of another ABC subfamily, AtABCG36 and 37 are 
involved in  the transport  of auxin precursors  [132],  [133].  As for other plant hormone 
types, genes AtABCG25 [134] and 40 [135] were identified to code cellular exporter and 
importer of abscisic acid, respectively.
Additionally, the product of AtABCG22 is suggested to play a role in abscisic acid 
transport  as  well,  given  that  this  hormone,  among  others,  regulates  induces  stomatal 
closure, preventing water losses, and that the atabcg22 mutant displayed a lower level of 
drought tolerance, compared to the wild type. However, direct evidence that abscisic acid 
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is a substrate of AtABCG22 is yet to be presented [136]. The share of the ABC gene family 
on cytokinin transport will be discussed separately in 2.4.5.
While primary active transport is bound to ATP hydrolysis and the action of ABC 
transporters, secondary active transport consists in coupling the endergonic translocation of 
one  substrate  with  an  exergonic  translocation  of  another  one.  It  follows  that  a  carrier 
capable  of  transporting  more  than  one  substrate  is  required.  Such  a  process  is  called 
cotransport and it can be further classified as symport if both substrates are translocated in 
the same direction,  or antiport  if  translocation of the two substrates occurs in opposite 
directions.  It  should  be  noted  that  these  cotransporters  can  be  involved  in  all  carrier-
mediated transport processes, not only in the secondary active ones.
2.4.5 Major Families of Cytokinin Membrane Transporters
Given  their  general  structural  properties  (see  2.2.1),  the  cytokinins  are  readily 
substrates  of  two major  purine  transporter  families,  namely  of  equilibrative nucleoside 
transporters (ENTs) and purine permeases (PUPs). Most of these carriers are non-specific 
toward  cytokinins,  which  means  that  they  transport  an  array  of  structurally  related 
substrates (in this case, various derivatives of purines in some form), rather than a single 
chemical compound [137].
ENTs are present throughout all eukaryotic kingdoms. While mammalian ENTs are 
typical facilitated diffusion transporters, independent on concentration gradients of other 
substances  [138],  their  plant  counterparts  mediate  substrate-proton  transport,  which 
requires the presence of proton concentration gradient  on the membrane  [139]. As the 
name  suggests,  ENTs  transport  purines  in  form  of  nucleosides.  They  may  be  further 
classified as equilibrium-sensitive or insensitive, based on whether they are inhibited by 
nitrobenzylmercaptopurine  ribonucleoside,  a  synthetic  nucleoside  analogue,  or  not, 
respectively  [138]–[141]. Human ENTs have been profoundly studied as potential  drug 
targets in various therapeutic applications [142], [143].
The first plant  ENT gene,  AtENT1, was found as a homologue of human ENTs. It 
was shown that such a gene is indeed expressed in Arabidopsis and that the corresponding 
product  is  localized  to  the  plasma  membrane  [141]. Subsequent  biochemical  assays 
confirmed that  AtENT1 encodes a nucleoside transporter. When expressed in a yeast cell 
culture,  AtENT1  transported  radio-labelled  adenosine  according  to  Michaelis-Menten 
kinetics (see 2.4.3). In competition studies, AtENT1 displayed a relatively wide substrate 
specificity.  The adenosine uptake was inhibited by other  common nucleosides,  with an 
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exception of uridine, and corresponding 2’-deoxynucleosides. Nucleotides, free bases and 
cytokinin nucleosides did not affect adenosine uptake, however [141], [144]. 
To  show  whether  AtENT1  mediates  facilitated  diffusion  or  proton-dependent 
transport,  it  was  tested  in  terms  of  sensitivity  to  carbonyl  cyanide  m-chlorophenyl-
hydrazone  (CCCP),  a  protonophore  uncoupling  the  proton  gradient.  CCCP completely 
halted adenosine uptake,  which revealed that nucleosides were symported with protons 
[145].
Following  the  studies  on  AtENT1,  seven  more  AtENT  genes  (AtENT2-8)  were 
expressed and characterized [146], [147]. It was shown that both AtENT3 and 8 participate 
in iPR transport. Respective mutations in these two genes reduced sensitivity to iPR but 
not  to  iP.  Conversely,  iPR sensitivity  was enhanced in plants over-expressing  AtENT8. 
Additionally, hypocotyl explants bearing atent3 and atent8 mutations were limited in their 
ability to accumulate iPR. In the case of  atent3, tZR uptake was lowered as well  [144]. 
Similar results were obtained for  AtENT6 and  7;  in yeast cell cultures expressing these 
genes,  adenosine  uptake  and  its  inhibition  by  iPR  were  observed  [148].  Apart  from 
Arabidopsis,  four  ENT genes were also found in rice (Oryza sativa).  They are denoted 
OsENT1-4. When expressed in a yeast cell culture, OsENT2 displayed affinity toward iPR 
[149].
Unlike ENTs, the PUP gene family is unique to vascular plants and it is involved in 
the transport of purines in a form of free bases [150]–[152]. In total, 21 PUP genes have 
been  identified  [137].  The  first  PUP gene,  AtPUP1,  was  found  via  functional 
complementation  of  a  mutant  yeast  cell  culture  deficient  in  adenine  uptake.  Further 
biochemical characterization revealed that AtPUP1, expressed in yeast cells, transports a 
wide spectrum of substrates, including cytosine, hypoxanthine (but not uracil nor thymine), 
purine  alkaloids,  such  as  nicotine  or  caffeine,  and  cytokinins.  Affinity  toward  some 
nucleosides  was  observed  as  well,  albeit  significantly  weaker  than  affinity  toward 
corresponding  free  bases.  AtPUP1  is  also  sensitive  to  protonophores  and  H+-ATPase 
inhibitors, indicating proton-coupled secondary active transport, similarly to ENTs [150], 
[153]. Similar results were obtained for AtPUP2. On the other hand, AtPUP3 showed no 
transport activity in yeast heterologous expression systems, neither did it complement the 
adenine-uptake  deficiency  in  mutant  yeast  cell  cultures  [153].  In  [109],  the  authors 
demonstrated that  there is  a  CCCP-sensitive cytokinin transport  system in  Arabidopsis  
seedlings. Suggesting that PUPs are involved, they further studied expression patterns of 
twelve  AtPUP genes.  AtPUP11,  14 and  18  were highly expressed in all plant tissues. In 
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roots, a significant expression level of AtPUP4, a close homologue of AtPUP1 and 2, was 
detected as well.
Twelve PUP genes, denoted OsPUP1-12, were identified in the rice genome. The 
ospup7 mutation caused several phenotype changes, such as plant height increase, larger 
seeds or delayed flowering. Cytokinin measurements showed higher iP and iPR content in 
ospup7 immature spikelets in comparison to the wild type, while tZ-type cytokinin level 
remained unaffected. It was also demonstrated that OsPUP7 can transport caffeine [154]. 
In tobacco (Nicotiana tabacum), one  PUP gene,  NtPUP1, was identified as well. It was 
characterized  as  a  specific  transporter  of  nicotine,  whose  expression  is  coordinately 
regulated  with  genes  participating  on  nicotine  biosynthesis.  No  role  of  NtPUP1  in 
cytokinin transport was observed [152].
Two cytokinin transporters are directly linked to the cytokinin signalization, so far. 
They are AtPUP14 and AtABCG14 (see 2.4.4 for more information on ABC transporters). 
The role  of  AtPUP14 was first  described by Zürcher  et  al.  in  [155].  To assess  factors 
affecting cytokinin action, the authors expressed a synthetic cytokinin reporter [156] within 
Arabidopsis heart-stage  embryos.  They  detected  no  response  to  cytokinin  signal  in 
prospective cotyledons, even though all the components of cytokinin signalization cascade 
were present and functional. Therefore, they hypothesized that interactions of cytokinins 
and their receptors may be mediated by membrane transporters which regulate cytokinin 
availability to the receptors on one side of the membrane. Mapping expression of  PUP 
genes, they found out that AtPUP14 is localized to those sites where cytokinin response 
was inhibited. When expressed in heterologous systems, AtPUP14 was shown to enhance 
tZ  uptake.  The uptake  was  inhibited  by  iP and BA but  not  by  tZ  riboside,  auxins  or 
allantoin, suggesting that AtPUP14 has an affinity toward cytokinin free bases only [155].
The  role  of  the  other  transporter,  AtABCG14,  in  cytokinin  signalization  was 
independently reported by two research groups. Ko et al.  [157] were searching for genes 
involved in cytokinin long-distance transport. AtABCG14, which is coexpressed with genes 
of  cytokinin  biosynthesis  in  root  phloem  companion  cells  and  whose  expression  is 
inducible  by cytokinins,  occurred to  them as  a  good candidate.  The  atabcg14 mutants 
displayed  a  phenotype  reminding  of  mutations  of  cytokinin  biosynthesis  genes.  This 
phenotype could be recovered with the exogenous application of tZ. Other experiments 
revealed  that  atabcg14 shoots  contained  reduced  concentrations  of  tZ-type  cytokinins, 
whereas in roots the tZ-type cytokinin concentrations were elevated.  atabcg14  seedlings 
were  impaired  in  root-to-shoot  translocation  of  radio-labelled  tZ.  This  was  further 
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supported by showing that grafting an  atabcg14 shoot on a wild-type root recovers the 
mutant shoot phenotype while grafting a wild-type shoot on an atabcg14 root caused the 
shoot to adopt a  phenotype of the  abcg14 mutant. Therefore, the authors proposed that 
AtABCG14 exports tZ-type cytokinins to phloem in roots. However, they weren’t able to 
provide direct evidence of AtABCG14 transport function in a heterologous yeast expression 
system.  Since  AtABCG14 is  a  half-size  ABC transporter,  it  likely  forms  a  functional 
heterodimer.  It  was  shown in another  paper,  that  AtABCG11/14 heterodimer is  readily 
formed (unlike AtABCG14/14 homodimer) in Arabidopsis vascular system [158]. Ko et al. 
found the formation of such a heterodimer in roots unlikely, though [157].
In  the  same  year,  Zhang  et  al.  [159] were  systematically  characterizing  the 
members of AtABCG14 gene subfamily. They found out that atabcg14 displays a distinct 
phenotype, similar to that described in [157]. To map cytokinin distribution in planta, the 
authors  introduced expressed a fusion gene,  combining a gene responding to cytokinin 
signalization and a reporter gene, in both wild-type and atabcg14 plants. In mutant plants, 
cytokinins were exclusively found in roots, whereas in wild-type plants, most cytokinins 
were found in the shoot. In both works, authors concluded that AtABCG14 serves as a tZ-
type cytokinin exporter localized in roots, playing a crucial role in cytokinin root-to-shoot 
translocation [157], [159].
2.5 Analytical Methods in Cytokinin Research – 
Development and Application
2.5.1 Methods of Cytokinin Extraction
Studying cytokinins  in planta is limited by their naturally low abundance, a huge 
amount of other compounds occurring in plants and enzymatic activity leading to various 
metabolic conversions. Thus, to study cytokinins using common analytical methods, one 
has to begin with their extraction from plant material [160].
Once the plant material  has been homogenized (by grinding or sonification,  for 
instance),  cytokinins may be extracted into a liquid phase. Usually,  mixtures of simple 
organic or aqueous solvents, such as methanol, ethanol, chloroform, ethyl acetate, formic 
acid or perchloric acid are used [161]–[164].
Enzymatic cleavage of phosphoester bonds present in cytokinin nucleotides has a 
negative  impact  on  extraction  yields.  Because  of  this,  extraction  agents  capable  of 
inactivating plant phosphatases are preferred. In 1964, Roderick Bieleski developed the 
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MCF-7 solution consisting of 12:5:1:2 (v/v/v/v) mixture of methanol, chloroform, formic 
acid and water [165]. It was reported that the Bieleski solution reduces AMP hydrolysis in 
soya  bean  callus  tissue  and  [14C]-labelled  benzyl  adenine  nucleotide,  though  direct 
evidence of plant phosphatases inhibition during extraction is yet to be shown [160], [162].
However,  the chloroform present  in the Bieleski  solution was reported to cause 
unwanted  extraction  of  lipophilic  substances,  subsequently  interfering  with  further 
purification.  Moreover,  when  comparing  the  plant  phosphatases  inhibition  by  Bieleski 
solution with effects of either 80% (v/v) ethanol [162] or cold perchloric acid [164], similar 
results with little difference were obtained.
To see whether  the chloroform can be omitted without  hindering the extraction 
capacity  of Bieleski solution,  three types of extraction and isolation experiments  using 
deuterated  cytokinins  were  conducted  [160].  Accordingly,  three  different  extraction 
solutions were tested, namely 80% (v/v) methanol, Bieleski MCF-7 and modified Bieleski 
solution, 15:1:4 (v/v/v) mixture of methanol, formic acid, and water. The quality of each 
extraction was expressed in terms of relative internal standard response (RISR), i.e. the 
ratio between the areas under curves representing the signals from plant material spiked 
with  deuterated  cytokinins  and  pure  deuterated  standard.  Using  the  modified  Bieleski 
solution  yielded  the  highest  RISR percentages  while  using  both  MCF-7 and modified 
Bieleski solution resulted in lower dephosphorylation of cytokinin nucleotides [160]. Thus, 
it was affirmed that leaving out the chloroform of Bieleski MCF-7, which had been already 
done earlier  [162], [166], is not only an alternative approach but even an improvement, 
given the higher RISR percentages and safer handling.
2.5.2 Methods of Cytokinin Purification
The  cytokinin  extraction  procedures  described  in  previous  part  lead  to  extracts 
which are complex mixtures of various substances. Therefore, the next step in cytokinin 
analysis is the extract purification. Once again, several methods regarding the purification 
process have been described.
Due  to  the  functional  groups  capable  of  acting  as  Brønsted  acids  or  bases, 
cytokinins may exist in ionized forms. In adenine, the imino nitrogen atom has pKA about 
4, which makes it positively charged in an acidic environment. The 2’-hydroxyl groups of 
purine nucleosides and nucleotides act as acids with pKA over 12. There is also a phosphate 
group in cytokinin nucleotides, a strong acid that can be double deprotonated with pKA 
values of about 1 and 6 [167]–[170].
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Thanks to those acid-base functional groups, ion-exchange (IEX) methods may be 
employed in  purification  protocols.  Anion-exchange  can  be  used  to  separate  cytokinin 
nucleotides from other forms. It is usually performed using columns filled with DEAE-
cellulose or DEAE-Sephadex. DEAE, diethylaminoethyl, bears a positive charge in neutral 
pH.  When cytokinin  mixture  is  applied,  the  nucleotides  are  retained,  whereas  the  free 
bases, ribosides and glucosides are not [166], [169].
Another important chemical property of cytokinins, related to their purification, is 
their  hydrophobicity.  Thanks  to  their  N6-side  chain,  they  are  more  hydrophobic  than 
corresponding  forms  of  adenine.  Individual  cytokinin  species  also  differ  in  their 
hydrophobicity due to different compositions of the N6-side chains or presence of ribosyl 
and phosphoryl components [169].
Based on those  differences  in  hydrophobicity,  the  cytokinin  purification  can  be 
performed with the solid phase extraction (SPE) as well.  Such procedures are typically 
conducted on a C18 bound silica stationary phases. These act as reversed phases, which 
means that hydrophobic compounds are retained on such a column, whereas polar ones are 
eluted with the mobile phase. Cytokinin species bound to the stationary phase may be 
washed out afterwards, using agents such as methanol or ethanol [166], [169], [171], [172]. 
It was reported that cytokinin nucleotides could not be recovered and that their hydrolysis 
to nucleosides before the purification was required [171].
To profit from both IEX and SPE, and to overcome their disadvantages to some 
degree, columns with properties of both reversed-phase and cation-exchange phase (so-
called  mixed-mode-SPE)  are  manufactured.  Dobrev  and Kamínek  developed  a  mixed-
mode-SPE-based  method  for  separation  of  the  cytokinin  fraction  from  acidic 
phytohormones,  mainly  auxins  and  abscisic  acid,  followed  by  separation  of  cytokinin 
nucleotides from the other forms [169]. Later, a similar method combining the properties 
of reversed-phase and anion-exchange was developed by Dobrev et al. to purify auxins and 
abscisic acid [173].
The mixed-mode-SPE was also compared to C18 silica bound reversed-phase in 
tandem with  anion-exchange  columns,  which  is  described  for  instance  in  [166].  Both 
protocols gave similar yields of most tested cytokinins, except for tZR and tZRMP, where 
the  yields  obtained  with  the  former  method  were  significantly  higher.  Also,  the 
aforementioned  RISR parameter  provided  by  the  mixed-mode-SPE was  higher  for  all 
tested substances [160].
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The immunoaffinity chromatography (IAC) methods can be used to achieve a high 
degree of purification. They are based on specific interactions between an antibody and its 
antigen, in our case a cytokinin. The antibodies against cytokinins are usually prepared by 
conjugating  certain  cytokinin  species  to  bovine  serum  proteins,  such  as  albumin  or 
γ-globulins and subsequent immunization of laboratory animals [166], [174]–[177].
It  was  shown that  monoclonal  antibodies  derived  against  iP may  show a  high 
degree  of  cross-reactivity  with  other  cytokinins,  while  no  cross-reactivity  with  non-
cytokinin  species,  such  as  adenosine,  was  observed  [177].  The  cross-reactivity  was 
sufficient to purify a cytokinin fraction via IAC using a single monoclonal antibody line. In 
case that the cross-reactivity of a derived monoclonal antibody line is not sufficient, the 
IAC may be performed using a mix of several  such antibodies,  as  discussed in  [174]. 
Monoclonal antibodies (or their mixtures) don’t bind O-glycosylated forms of cytokinins, 
though.  To  isolate  these  species  as  well,  one  can  enzymatically  hydrolyse  the  eluted 
glucosides  with  β-glucosidase  and  repeat  the  purification  protocol  [178]–[180]. 
Interestingly, authors who had opted for running IAC using polyclonal antibodies didn’t 
report  any need for the glucosidase  [181]–[183].  In  [182],  it  is  explicitly  said that  the 
polyclonal antibodies used in that study, raised against various cytokinin nucleosides, were 
able to bind cytokinin N7-glucosides as well. Regardless of the clonality of antibodies, the 
cytokinin nucleotides were enzymatically dephosphorylated before further analysis in most 
aforementioned studies [179]–[183].
Concerning  protein  IAC,  the  oriented  immobilization  of  antibodies  generally 
enhances the binding capacity of the immunosorbent [184], [185]. To test whether the same 
can  be  said  about  low-molecular  cytokinins,  the  authors  in  [174] compared  various 
parameters of random and oriented antibody immobilization. No crucial differences were 
observed,  except  for  the  specific  column  capacity  (i.e.  column  capacity  per  mass  of 
immobilized  antibody),  being  somewhat  higher  for  oriented  immobilization.  This 
parameter, however, reflected not only binding efficiency but also protein loading, which 
was different in each case.
2.5.3 Methods of Identification and Quantification of Cytokinins
Once the cytokinin fraction has been sufficiently purified, individual cytokinins can 
be identified and quantified. The methods commonly used in this step are gas or liquid 
chromatography in tandem with mass spectroscopy (GC/MS and LC/MS, respectively) and 
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immunological  methods,  such  as  enzyme-linked  immunosorbent  assay  (ELISA)  or 
radioimmunoassay (RIA).
In case of the GC/MS, the analytes present in the sample must be converted to apt 
derivatives. This step seeks to improve the volatility of analytes, so that they can be carried 
by the gaseous mobile phase,  as well  as to stabilize some compounds and to facilitate 
subsequent  chromatographic  separation  and  ionization,  necessary  for  the  MS  analysis 
[186], [187]. Several methods of cytokinin derivatization, or the introduction of a suitable 
functional moiety to cytokinin molecules, have been described [186]–[190].
A method  based  on  vapour  phase  extraction  (VPE)  was  designed  for  fast  and 
efficient  preparation  of  plant  material  before  the  GC/MS  [186],  [191]–[193].  Acidic 
compounds  present  in  the  homogenized  material  are  converted  to  their  corresponding 
methyl  esters  either  via  acid-catalysed  reaction  with  methanol  [191] or  by  using 
trimethylsilyldiazomethan,  a  stable  and  safe  agent  [192],  [193].  Details  on  the  latter 
esterification technique are given in [194]. The VPE method hasn’t been used for cytokinin 
analysis but it has proved to be useful in profiling acidic phytohormones, such as IAA, 
jasmonates or salicylic acid,  as well  as other  volatile  metabolites or toxins.  One of its 
advantages lies in avoiding a multiple-step purification process, which would be otherwise 
similar to those described in 2.5.2 [191]–[193].
Alongside the derivatization technique, a choice of an ionization method for the MS 
analysis has to be made as well. In combination with the GC, the phytohormone samples 
are usually subjects of either electron ionization (EI; also called electron impact ionization) 
or chemical ionization (CI). The former consists of thermionic emission of electrons from a 
heated filament. These electrons are accelerated by an external electric field. Eventually, 
the accelerated electrons collide with the analyte molecules producing a relatively large 
number of ionic fragments, among which the molecular ion (denoted as M+), possessing 
the same molecular mass as the original analyte, may be present. The CI, on the other 
hand, doesn't involve the direct collision of the thermionic electrons with the analyte, but 
rather with a reactant gas. Reactant ions, produced in this  way, then serve as an agent 
ionizing the analyte itself. Compared to the EI, less energy is involved and fewer fragments 
are formed [186], [195]–[197].
Unlike the GC, the LC analyses substances in a solution, thus no derivatization is 
needed. Methods employing the LC/MS technique were used, for instance, in cytokinins 
[180] and brassinosteroids profiling [198]. As mentioned in [186], employing the LC/MS 
for phytohormone profiling may require an additional analytical method to increase the 
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overall  selectivity  or to confirm the previously obtained results,  such as the ultraviolet 
spectroscopy in  [198] or immunochemical methods in  [180]. Dobrev et al.  [173] used a 
method of two-dimensional high-performance liquid chromatography (HPLC)  [199] as a 
form  of  sample  purification,  followed  by  either  a  spectroscopic  measurement  or  the 
GC/MS.
If  HPLC  coupled  with  a  tandem  mass  spectrometer  is  used  (LC/MS/MS  or 
HPLC/MS/MS), much higher selectivity is achieved. MS/MS enables to select precursor 
ions,  produced in the first  MS step,  and their  further  fragmentation,  yielding so-called 
product ions, whose analysis is the final output of this method [186]. The HPLC/MS/MS 
has been used in various profiling studies, often yielding information about a wide range of 
plant  hormones  [160],  [186],  [196],  [200]–[204].  It  is  noted  in  [160] that  the 
HPLC/MS/MS is a popular method of cytokinin analysis because of its wide range and its 
capacity to detect and determine the O-glycosylated cytokinins.
Apart from the chromatography, immunochemical methods have been used as other 
cytokinin profiling techniques. Similarly to the IAC described in 2.5.2, they are based on 
specific interactions between an antibody and its antigen (the compound of interest). The 
ELISA consists of building a so-called “sandwich complex” composing of an antigen, a 
primary  antibody,  raised  against  this  antigen,  a  secondary  antibody,  raised  against  the 
primary one, and an enzyme. One of these components, depending on the specific protocol, 
is immobilized on a solid phase. When such a structure is formed, a substrate of the said 
enzyme is added and subsequently converted to a detectable product,  whose amount is 
proportional  to  the  amount  of  the  antigen  present  in  the  sample.  Several  ELISA 
arrangements are used for plant hormones analysis  [196], [205], [206]. Similarly to the 
IAC,  O-glycosylated  cytokinins  require  hydrolysis  before  being  determined  with  the 
ELISA [207].
The RIA, developed as a method of insulin determination by Rosalyn Yalow and 
Solomon Berson [208], [209], makes use of a competition between a radioactively labelled 
antigen, provided in a defined amount, and its non-labelled counterpart, originating from 
the sample, over binding sites of the primary antibodies. Once an equilibrium between all 
the antigen forms is reached, secondary antibodies are added and complexes similar to 
those described for ELISA are formed. Next, they are separated from the liquid phase, 
which contains unbound reaction components, via centrifugation as the pellet. The analyte 
determination is  realized through radioactivity measurement.  Such a signal is  inversely 
proportional to the amount of analyte in the sample [210]. The RIA is used as a method of 
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cytokinin profiling, for instance, in  [176], [211], [212], and further discussed in reviews 
such as [196], [213]. It is stated in [213] that the RIA’s popularity has declined in favour of 
the ELISA, due to special requirements stemming from the work with radioactive material.
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3 Aims of the Thesis
Properties of cytokinin membrane transport were previously studied in my bachelor 
thesis [214] and, together with the cytokinin metabolism in tobacco BY-2 cells, also in Petr 
Klíma's PhD thesis [215]. In both cases, we were interested in cytokinins in forms of free 
bases and nucleosides, in particular. It was found out that both these species are readily 
accumulated  in  BY-2  cells.  Transgenic  expression  of  AtPUP14 in  BY-2  cells  further 
enhanced the accumulation of both free bases and nucleosides, while no significant change 
in cytokinin accumulation was observed after transgenic expression of AtABCG14 in BY-2 
cells. Some competition was observed while accumulating multiple cytokinin species of 
the  same  type  but  there  seemed  to  be  no  such  competition  when  a  free  base  was 
accumulated with a nucleotide. It was suggested that plant cells possess distinctive kinds of 
mechanism to transport different types of cytokinins. 
Based on these results, this thesis aims to:
1. characterize  the  membrane  transport  of  radio-labelled  cytokinin  free  bases  and 
N9-glucosides in tobacco BY-2 cell suspension cultures
2. study the effects of  AtPUP14 transgenic expression in BY-2 cells  on membrane 
transport of radio-labelled cytokinins in such cells
3. study the kinetic properties of membrane transport for different cytokinin types in 
BY-2 cells to characterize their mutual competition
4. describe metabolic processes of cytokinin in transgenic Arabidopsis thaliana plants 
having genes for specific cytokinin transporters deleted
5. study possible effects of deletions mentioned above on  de novo  organogenesis in 
Arabidopsis.
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4 Material and Methods
4.1 Plant Material
4.1.1 Transgenic Arabidopsis thaliana seeds
Transgenic seeds  of  Arabidopsis  thaliana muted in  AtENT,  AtPUP,  or  AtABCG 
genes  were  purchased  from  Eurasian  Arabidopsis  Stock  Centre  (NASC).  A  list  of 
purchased  transgenic  lines  is  given  in  Table  1.  Other  Arabidopsis lines  included  an 
AtUGT76C2-overexpressing line and a wild type line. Both these lines were provided by 
the Institute of Experimental Botany of the Czech Academy of Sciences.
Table 1: A list of transgenic Arabidopsis lines purchased from Eurasian Arabidopsis Stock Centre  
(NASC). Each line is identified with a NASC accession code (the second column). Furthermore,  
two more references are provided for each mutation, namely the UniProt accession number (the  
third column) and the Arabidopsis Genome Initiative gene code (AGI; the fourth column), denoting  







atpup1 N661084 Q9FZ96 At1g28230









atent7 N667574 Q944N8 At1g61630
atent8 N639438 Q944P0 At1g02630
atabcg14 N1002995 Q9C6W5 At1g31770
4.1.2 Tobacco BY-2 Cell Lines
Tobacco (Nicotiana tabacum)  BY-2 cell  lines  [216] were suspended in  a  liquid 
medium consisting of 4.33 g×L-1 Murashige-Skoog salt mixture  [217], 1 g×L-1 thiamine, 
200 µg×L-1 2,4-dichlorophenoxyacetic  acid  (2,4-D),  200 mg×L-1 monopotassium 
phosphate, 100 mg×L-1 myo-inositol, and 30 g×L-1 sucrose, with pH adjusted to 5.8, further 
referred to as the BY-2 medium. Transgenic BY-2 lines were inducible by estradiol (the 
final estradiol concentration was 900 nmol×L-1).  All the BY-2 lines were derived at the 
Institute of Experimental Botany of the Czech Academy of Sciences.
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4.2 Chemicals
4.2.1 Radio-Labelled Cytokinin Tracers
Cytokinins  used  as  radio-tracers  were  provided  by  Izotope  Laboratory  of  the 
Institute of Experimental Botany of the Czech Academy of Sciences.  The tracers were 
labelled by 3H nuclide. In the text, they are denoted as [3H]-tZ, [3H]-iP, [3H]-tZ9G, [3H]-
iP9G, and [3H]-cZ9G. They were kept at -80 °C.
4.2.2 Media and Solutions
Compositions of all media and solutions are summarized in Table 2.




4.33 g×L-1 Murashige-Skoog salt mixture, 1 mg×L-1 thiamine, 
200 µg×L-1 2,4-dichlorophenic acid (2,4-D), 200 mg×L-1 
monopotassium phosphate, 100 mg×L myo-inositol, 30 g×L sucrose; 
pH = 5.8 (adjusted with potassium hydroxide)
K0 medium (solid)
4.33 g×L-1 Murashige-Skoog salt mixture including Gamborg B5 
vitamins [218], 10 g×L-1 sucrose, 3 g ×L-1 Phytagel; pH = 5.7 




4.33 g×L-1 Murashige-Skoog salt mixture including Gamborg B5 
vitamins [218], 10 g×L-1 sucrose, 1 mg×L biotin, 3 g×L-1 Phytagel, 
100 µg×L-1 1-naphtylacetic acid, cytokinins according to Table 4; pH 
= 5.7 (adjusted with potassium hydroxide)
Uptake buffer
20 mmol×L-1 2(N-morpholino-)ethanesulfonic acid (MES), 
10 mmol×L-1 sucrose, 0.5 mmol×L-1 calcium sulphate; pH = 5.7 
(adjusted with potassium hydroxide)
MS/2 medium 
(liquid)




2.17 g×L-1 Murashige-Skoog salt mixture, 1.2 g×L-1 agar; pH between 
5.6 and 5.9 (adjusted with potassium hydroxide)
Modified Bieleski 
solution
15:1:4 (v/v/v) mixture of methanol, formic acid, and water
Elute B 0.35 mol×L-1 ammonium hydroxide in 70% (v/v) methanol
HPLC mobile 
phase A







1:1 (v/v) mixture of acetonitrile and methanol
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4.2.3 Other Chemicals
For  radioactivity  measurements,  liquid  scintillation  cocktail  Flo-Scint  III 
(PerkinElmer, USA) was used.
4.3 Equipment
Equipment used in this work is summarized in Table 3.
Table 3: Summary of equipment used.
Equipment Manufacturer (Country)
Centrifuge 5430 R (88 mm rotor radius) Eppendorf AG (Germany)
Extraction cartridges Oasis MCX 1cc Waters (USA)
HPLC flow-through radioactivity detector 
Ramona 2000
Raytest GmbH (Germany)
Inversion microscope Axiovert 40 C Carl Zeiss AG (Germany)
Liquid scintillation counter TRI-CARB 4910TR 
110V
PerkinElmer (USA)
Mixer mill MM 301 Retsch GmbH (Germany)
Orbital shaker IS-971R (30 mm orbital 
diameter)
Jeio Tech (South Korea)
Orbital shaker KS 130 (4 mm orbital diameter) IKA (USA)
Reverse-phase HPLC column Kinetex C18 
(150 × 4.6 mm, 5 µm)
Phenomenex (USA)
Rotary vane pump VR 1,5/12 Lavat (Czechia)
Rotational vacuum concentrator Alpha
Martin Christ Gefriertrocknungsanlagen 
GmbH (Germany)
Ultra low freezer MDF-U700VX PHCbi (Japan) 
Vacuum manifold Visiprep SPE Supelco (USA)
4.4 Methods
4.4.1 Tobacco BY-2 Cell Lines Treatment
The BY-2 cell lines were kept suspended in liquid BY-2 medium (see Table 2). To 
keep the BY-2 lines alive, inocula of respective cell suspensions were transferred into fresh 
BY-2 medium weekly.  1 mL of a cell suspension was an adequate amount to inoculate 
30 mL of fresh BY-2 medium. The suspensions were cultivated on IS-971R orbital shaker 
(Jeio Tech) at 1 g (150 RPM)  and 27 °C in the dark. The transgenic lines were cultivated 
in the presence of selection antibiotics (300 mg×L-1 Claforan and 60 mg×L-1 hygromycin 
B).
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4.4.2 Arabidopsis Seeds Sterilization
To  prevent  contamination,  Arabidopsis  seeds  were  sterilized  before  further 
cultivation. This was achieved by successive two-minute treatment of the seeds with 70% 
(v/v) ethanol, ten-minute treatment with 10% (v/v) SAVO® containing a small amount of 
Tween, and triple washout of the seeds with sterilized deionized water.
4.4.3 Arabidopsis Hypocotyl Assays
The hypocotyl assay procedure is described in [219], [220]. Sterilized Arabidopsis  
seeds (see 4.4.2) were seeded on Petri dishes with a solid medium consisting of 4.33 g×L-1 
Murashige-Skoog salt mixture including Gamborg B5 vitamins  [218], 10 g×L-1 sucrose, 
and 3 g×L-1 Phytagel, with pH adjusted to 5.7, further referred to as K0, out of analogy 
with the media denotation introduced in [219]. Dishes with the medium were covered and 
sealed with paper tape to allow gas exchange. The seeds were kept overnight in the dark at 
-4 °C, then under the long-day conditions (altering 16-hour long light periods and 8-hour 
long dark periods) at 21 °C for one day and in the dark at 21 °C for five days.
Having emerged in the dark, the seven-day-old plants had long hypocotyls, typical 
for etiolated seedlings. These hypocotyls were aseptically isolated by cutting off the apical 
hook and roots and transferred to Petri dishes with a solid medium consisting of  4.33 g×L-
1 Murashige-Skoog salt mixture including Gamborg B5 vitamins  [218], 10 g×L-1 sucrose, 
1 mg×L biotin, 3 g×L-1 Phytagel, 100 µg×L-1 1-naphtylacetic (NAA) acid, and a variable 
concentration  of  a  cytokinin,  with  pH  adjusted  to  5.7.  The  cytokinins  and  their 
concentrations used in hypocotyl assays are summarized in Table 4. The Petri dishes were 
sealed with paper tape and the hypocotyls were further cultivated for 21 days under the 
long-day conditions at 21 °C.
Table 4: Types of phytohormone-enriched media used in hypocotyl essays. Different types of media  
vary in cytokinin type and concentration. For future references, the media are labelled as shown in  
the first column. The labels follow a naming convention presented in [219].
















4.4.4 Metabolic Assays in Arabidopsis Plants
Sterilized  Arabidopsis seeds (see  4.4.2) were seeded on rectangular Petri  dishes 
with  solid  MS/2  medium  consisting  of  2.17 g×L-1 Murashige-Skoog  salt  mixture  and 
1.2 g×L-1 agar, with pH  between 5.6 and 5.9. Dishes with the medium were covered and 
sealed with paper tape to allow gas exchange. The seeds were kept for two days in the dark 
at -4 °C, then under the long-day conditions (altering 16-hour long light periods and 8-hour 
long dark periods) at 21 °C for 14 days in the vertical position.
The 14-day long  Arabidopsis plants were submerged in liquid MS/2 media,  i.e. 
2.17 g×L-1 Murashige-Skoog salt mixture with pH between 5.6 and 5.9, containing a radio-
labelled tracer. The tracer concentration in liquid MS/2 media was 20 nmol×L-1. The plants 
were treated in these media for 100 minutes. After the treatment, cytokinin fractions were 
isolated from the plant samples (see 4.4.5) and subjected to the HPLC analysis (see 4.4.6).
Alongside  the  cytokinin  fractions  obtained  from  Arabidopsis plants,  the  media 
containing  the  radio-labelled  tracers  were  analysed  too.  From  each  medium,  100 µL 
samples were taken both before and after the plant treatment. From each sample, a 10 µL 
aliquot was taken for total radioactivity determination (see 4.4.8). The rest of each sample 
was subjected to the HPLC analysis (see 4.4.6).
4.4.5 Cytokinin Profiling in Arabidopsis Plants
The  determination  of  cytokinin  species  and  their  respective  concentration  was 
based on the profiling method described in  [169]. Frozen samples of plant material (of 
mass 10 – 1000 mg) were suspended in the modified Bieleski solution – a 15:1:4 (v/v/v) 
mixture  of  methanol,  formic  acid,  and  water.   The  suspensions  were  homogenized  in 
MM 301 mixer mill (Retsch) at the frequency of 30 Hz for four minutes. Homogenized 
samples were placed into -20 °C for 60 minutes and then centrifuged in 5430 R centrifuge 
(Eppendorf) at 28,433×g (17,500 RPM).
After the centrifugation, the supernatants were put aside on ice and the pellets were 
resuspended in 500 µL of the modified Bieleski solution. The samples were once again 
homogenized  and  centrifuged  as  described  above.  After  the  second centrifugation,  the 
supernatants  were  separated  from the  pellets  again  and mixed  with  the  corresponding 
supernatant fraction taken before. The remaining pellets were thrown away and the liquid 
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samples were placed into -80 °C for 30 minutes and then evaporated on Alpha rotational 
vacuum concentrator (Christ) until approximately 200 µL of the liquid were remaining.
Oasis  MCX  1cc  extraction  cartridges  (Waters)  were  placed  on  Visiprep  SPE 
vacuum manifold (Supelco). The cartridges were activated by being subsequently washed 
with 1 mL of methanol and 1 mL of 1 mol×L-1 formic acid. The liquid samples remnants 
were  reconstituted  in  500 µL of  1 mol×L-1 formic  acid  and  applied  to  the  activated 
cartridges. The sample containers were twice washed with 250 µL of 1 mol×L-1 formic acid 
and emptied to the extraction cartridges. To remove lipids and plant pigments from the 
samples, the cartridges were washed with 500 µL of 1 mol×L-1 formic acid and 250 µL of 
deionized water.
A fraction containing acid phytohormones (such as auxins and abscisic acid) was 
eluted by washing the cartridges with 250 µL of methanol three times.  Eventually,  the 
cytokinin fraction was eluted by washing the cartridges with so-called elute B, composing 
of 0.35 mol×L-1 ammonium hydroxide in 70% (v/v) methanol.
Once  the  desired  fraction  was  isolated,  it  was  evaporated  to  dryness  and 
reconstituted in 50 µL of 15% (v/v) acetonitrile.  The samples were put into -80 °C for 
30 minutes and then centrifuged, as described above. The supernatant was transferred to 
vials compatible with a high-performance liquid chromatograph.
4.4.6 High-Performance Liquid Chromatography Analysis of 
Cytokinin Metabolites
High-performance  liquid  chromatography  (HPLC)  was  used  to  identify  and 
quantify radio-labelled cytokinin metabolites. The analysis was performed using Kinetex 
C18  column,  150 × 4.6 mm,  5 µm  (Phenomenex).  Mobile  phase  A was  400 mmol×L-1 
ammonium acetate, with pH adjusted to 3.8 with acetic acid, mobile phase B was 5% (v/v) 
methanol, and mobile phase C was a 1:1 (v/v) mixture of acetonitrile and methanol. The 
flow rate was 0.6 mL×min-1 with the following linear gradients of mobile phase C: 5 – 
15 % for 10 minutes, 15 – 34 % for 14 minutes, 34 – 95 % for 1 minute,  95 % for 1 
minute, and 95 – 5 % for 1 minute. Mobile phase A was kept at 5 % all the time.
The  column  eluate  was  on-line  mixed  with  three-volume  equivalents  of 
Flo-Scint III liquid scintillation cocktail (PerkinElmer) at the flow rate of 1.8 mL×min-1. 
The  mixture  was  monitored  using  Ramona  2000  on-line  flow-through  radioactivity 
detector (Raytest GmbH). Retention times of detected peaks were compared with those of 
authentic standards to identify radio-labelled cytokinin metabolites in samples.
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4.4.7 Accumulation Assays of Radio-Labelled Cytokinins in BY-2 
Cell Suspension Cultures
The accumulation assays were performed according to  [221], with modifications 
for BY-2 cell suspension cultures described in [222], [223]. The required volume of fresh 
BY-2 medium was inoculated as described in  4.4.1. Suspensions of transgenic cell lines 
were induced by estradiol. As a negative control, transgenic cell line suspensions in which 
an  equivalent  amount  of  dimethylsulfoxide  (DMSO)  was  added  instead  of  estradiol 
solution were used.
Two-day old BY-2 cell  suspensions were filtered and resuspended in the uptake 
buffer,  consisting  of  20 mmol×L-1 2-(N-morpholino)ethanesulfonic  acid  (MES), 
10 mmol×L-1 sucrose,  0.5 mmol×L-1 calcium  sulphate,  with  pH  adjusted  to  5.7. 
Resuspended cells were incubated on IS-971R orbital shaker (Jeio Tech) at 1×g (150 RPM) 
and 27 °C in the dark for 45 minutes. Following the first incubation, the cell suspensions 
were filtered and resuspended in fresh uptake buffer once more and incubated under the 
same conditions for 90 minutes.
Basic accumulation assays and those studying the effect of AtPUP14 heterologous 
expression in BY-2 cells were initiated by adding the radio-labelled tracer into the cell  
suspension.  The tracer  concentration  in  the  suspension was 2 nmol×L-1.  During  fifteen 
minutes, 0.5 mL aliquots of the suspension were withdrawn and rapidly filtered in regular 
time intervals (approximately 1.5 minutes).
In  kinetic  accumulation  assays,  non-labelled  competitors  were  added  to  cell 
suspensions  before  the  tracer.  After  that,  the  tracer  was  added  as  well.  The  tracer 
concentration in the suspension was 2 nmol×L-1. After one minute, a 1 mL aliquot of the 
suspension was withdrawn and rapidly filtered. Such an assay was performed over a range 
of  competitor  concentrations  (0  –  2 mol×L-1).  As  for  the  negative  control  (i.e.  zero 
competitor  concentration),  the  equivalent  amount  of  DMSO was  added  instead  of  the 
competitor.
Dry cells,  which  remained after  the liquid phase  of  the suspension aliquot  was 
filtered,  were  transferred  into  plastic  scintillation  vials  and  lysed by a  30 minute-long 
extraction in 500 µL of 96% (v/v) ethanol. The tracer concentration in cells was measured 
via the total radioactivity determination method described in 4.4.8.
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4.4.8 Total Radioactivity Determination
The samples containing a radio-labelled tracer were mixed with 4 mL of Flo-Scint 
III scintillation cocktail (PerkinElmer) in plastic scintillation vials. The vials were closed 
and  shaken  on KS 130 orbital  shaker  (IKA)  at  1×g  (480 RPM).  Total  radioactivity  in 
samples  was  measured  using  TRI-CARB  4910TR  110V  scintillation  counter 
(PerkinElmer).
4.4.9 Mathematical Modelling of Cytokinin Membrane Transport
To describe cytokinin membrane transport kinetics, a mathematical model based on 
competitive inhibition kinetics (7) was employed [224]. Originally, this model was derived 
for a single transporter. Later, it was used to characterize membrane transport of auxins and 
therefore modified to account for the net effect of all transport processes on the membrane 
[109], [225]. The term transport system is used to refer to such a set of membrane transport 
processes. The kinetic model can be expressed as:
v=
V max[S ]
K M×{1+[I ]K I }+[S ]
+NSR ,
(8)
where  v  denotes the transport  rate  (mol×L-1×s-1),  ρ  the cell  suspension density  (L-1), 
V max  the maximal transport rate (mol×L
-1×s-1), [S ]  the substrate concentration (mol×L-1), 
and  [I ]  the inhibitor concentration (mol×L-1).  KM  (mol × L
-1) is a function parameter 
which  is  related  to  the  membrane  transport  system affinity  toward  the  substrate.  K I  
(mol×L-1)  is  a  parameter  related to  the membrane transport  system affinity  toward  the 
inhibitor. NSR  (standing for the non-saturable component), is an absolute accounting for 
the simple diffusion rate, which also contributes to  v  value. It can be shown that in the 
absence  of  both  the  inhibitor  and  simple  diffusion,  KM  represents  the  substrate 




∧ [ I ]=0 ∧ NSR=0 ⇒ [S]=K M . (9)
This  makes  KM  formally  similar  to  the  classical  Michaelis  constant.  However,  its 
definition in terms of rate constants differs [224].
Mathematical model (8) was firstly used to evaluate BY-2 cell membrane transport 
system affinity toward tZ and iP. Kinetic accumulation assays, as described in 4.4.7 were 
performed using  radio-labelled  cytokinins,  whose  concentration  was  kept  constant  and 
their  non-labelled  counterparts,  whose  concentration  varied.  The  detected  radioactivity 
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decreased  with  the  increasing  non-labelled  cytokinin  concentration,  similarly  to  actual 
competitive inhibition. In such a setting, it was assumed that:
KM≈K I ; (10)
therefore, equation (8) can be simplified to:
v=




c=[I ]+[S ] . (12)
Model (11) was used to estimate V max , KM , and NSR  values for tZ and iP accumulation 
in BY-2 cells.
Next, model (8) was used to examine if tZ and iP compete over binding sites within 
the BY-2 membrane transport system. Since tZ was arbitrarily chosen to be treated as the 
substrate and iP as the inhibitor, the K I  value was initially predicted to be equal to KM  of 
iP.  The  actual  K I  value  was  subsequently  evaluated  in  a  kinetic  accumulation  assay 
employing  radio-labelled  tZ  and  non-labelled  iP.  Numerical  evaluation  of  the 
aforementioned  functional  parameters  and  estimation  of  their  standard  errors  was 
performed using SciPy software [226].
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5 Results
5.1 Transport of Radio-Labelled Cytokinins in Cell 
Suspension Cultures
5.1.1 Accumulation Assays of Cytokinin Free Bases and 
Glucosides in BY-2 (Tobacco) Cells
Accumulation assays of radio-labelled plant hormones in cell cultures are readily 
used to examine whether the said hormones do pass through biological membranes, as well 
so to further characterize their membrane translocation [222], [223], [225].
The basic accumulation protocol (as described in 4.4.7) consists in the application 
of  a  defined  amount  of  a  radio-labelled  tracer  to  the  cell  suspension  and  subsequent 
measurement of total radioactivity in suspension samples taken in regular time intervals. 
The results of such an experiment yield information about the temporal accumulation of 
the radio-labelled tracer in the cells, the so-called accumulation curve.
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This basic accumulation assay can be further modified. For instance, to evaluate the 
role  of  a  specific  membrane  transporter,  the  expression  of  the  corresponding  genes  is 
altered  [141],  [144]–[146].  To  study  substrate  specificity  of  a  transporter-mediated 
transport  process,  transport  assays are conducted in  the presence of an inhibitor  [145], 
[146]. A similar setting can be used to confirm or disprove putative kinetic effects of a 
potential inhibitor, and so on.
Since  the  membrane  transport  of  glycosylated  cytokinins  hasn’t  been  studied 
profoundly yet, we decided to begin our experiments with basic accumulation essays of 
tritium-labelled cytokinins in form of  N9-glucosides, namely [3H]-tZ9G, [3H]-iP9G and 
[3H]-cZ9G. To be able to put the eventual results into a wider context, the accumulation 
assays were performed with [3H]-tZ and [3H]-iP as well.
The accumulation curves of zeatin-type radio-labelled cytokinins are depicted in 
Figure 7 and those of iP-type cytokinins in  Figure 8. Both free bases, tZ and iP, were 
readily  accumulated  by  the  cell  suspension,  as  the  detected  amount  of  radio-labelled 
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substance increased in fifteen minutes. Therefore, tZ and iP are transported through the 
biological membrane into cells.
On  the  other  hand,  the  detected  amount  of  radio-labelled  glucosides 
remained almost constant and very low. Comparisons among accumulation curves of free 
bases and glucosides show that the average detected amount of radio-labelled glucosides 
was always less than or equal to the initial detected amount of radio-labelled bases. It is 
therefore  likely  that  in  the  case  of  cytokinin  glucosides,  the  detected  radioactivity 
corresponds to surface contamination of the cells and that no actual membrane transport 
process occurred in fifteen minutes.
5.1.2 Accumulation Assays of iP and Cytokinin Glucosides in BY-
2 Cells Expressing AtPUP14
Experiments  described  in  5.1.1 were  conducted  in  wild-type  cell  suspension 
cultures.  Therefore,  all  accumulation  of  radio-labelled  tracers  occurred  due  to  passive 
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diffusion or transport mediated by membrane-bound carriers native to the given cell type. 
Since  wild-type  cells  did  not  accumulate  any  cytokinin  glucosides,  we  repeated  the 
accumulation  assays  in  transgenic  BY-2 cell  suspension  cultures  expressing  AtPUP14, 
whose product was identified as tZ-specific transporter.
Alongside  either  [3H]-tZ9G,  [3H]-iP9G and [3H]-cZ9G,  free  base  [3H]-iP was 
accumulated in each cell  suspension culture as well,  serving as a positive control.  The 
expression of  AtPUP14 was inducible, allowing to perform each accumulation assay in 
both induced and non-induced transgenic BY-2 cell suspension cultures, the latter serving 
as a negative control.
In  all  three  cases,  the  detected  amount  of  [3H]-iP increases  in  cells  over  time, 
whereas  the  amount  of  glucoside  tracers  remains  more  or  less  constant  and very  low, 
similarly to results obtained for accumulation assays in wild-type cell suspension cultures. 
Once again, it is probable that the radioactivity detected after accumulation assays of radio-
labelled cytokinin glucosides originates in superficial contamination of cells, rather than in 
actual membrane transport of the glucosides. Because of this, only results for [3H]-iP and 
[3H]-tZ9G accumulation in AtPUP14-expressing BY-2 cells are shown. They are depicted 
in Figure 9.
No significant difference between accumulations of either [3H]-iP or radio-labelled 
cytokinin  glucosides  in  induced  AtPUP14-expressing  cell  lines  and  accumulations  in 
control lines was observed. Therefore, following experiments in cell suspension cultures 
were performed in wild-type cell lines only.
5.1.3 Kinetic Accumulation Assays of tZ and iP in BY-2 Cells and 
Evaluation of Their Respective Kinetic Parameters Using 
Mathematical Modelling
These accumulation curves represent net results of all transport processes of the 
given substances at biological membranes, but they do not yield any information about 
which types of membrane transport (as summarized in  2.4) occur in the cell suspension 
cultures and how much they participate to the total  transport  rate. To see if membrane 
transporters  are  involved  in  radio-labelled  cytokinin  translocation,  another  type  of 
accumulation assay was performed. This time, radio-labelled cytokinins were accumulated 
by BY-2 cell suspension cultures in the presence of their non-labelled counterparts, which 
formally act as competitors. This type of accumulation was stopped after one minute to see 
the effects of different competitor concentrations on the initial  total  transport  rate.  The 
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measured rates were divided by cell  density,  ρ  (L-1),  so that  they could be treated as 
intensive, rather than extensive properties of BY-2 cells. It follows that parameters  V max  
and NSR  were evaluated in forms of V max / ρ  and NSR / ρ , respectively.
Experimental values of v / ρ  were plotted against the decimal logarithm of [S ]  
and  [I ] .  Such a  plot  was expected  to  yield  a  decreasing sigmoid  curve.  Thus,  fitting 
experimental data with the appropriate model enabled both to decide whether a cytokinin-
specific transport system is present, and to evaluate the model parameters.
At first, such competition assays were conducted for [3H]-tZ versus non-labelled tZ 
and [3H]-iP versus non-labelled iP to evaluate respective affinities of the BY-2 membrane 
transport  system toward the two free bases,  expressed in terms of  KM .  To interpolate 
V max / ρ , KM , and NSR / ρ  parameters, mathematical model (11) was used.
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The results of these two assays are depicted in Figure 10 for tZ and in Figure 11 for 
iP.  In  both  cases,  the  expected  sigmoid  curve  could  be  fitted  into  experimental  data, 
indicating that both tZ and iP are at least partly transported via membrane-bound carriers in 
BY-2 cell suspension culture.
Kinetic  parameters  for  the  accumulation  of  radio-labelled  cytokinins  in  BY-cell 
suspension culture are given in Table 5 for [3H]-tZ and in Table 6 for [3H]-iP. The mean 
values of  KM  were evaluated as  108.31 ± 24.84 (tZ)  and 64.84 ± 29.07 nmol×L
-1 (iP). 
Such a difference may suggest that the membrane transport system in BY-2 cell suspension 
culture has a higher affinity toward iP than toward tZ. However, given the relatively large 
error  values,  such a  conclusion should not  be  firmly  drawn unless  supported  by other 
experimental results.
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Table  5: Kinetic parameters of tZ accumulation in BY-2 cell suspension culture. The parameters  
were evaluated by fitting mathematical model  (11) to the experimental plot of [3H]-tZ transport  
rate values against the total concentration of tZ in the cell suspension culture. The experiment was  
performed in four independent runs. Results of each run are presented individually. In the last  
column, mean parameter values over all four runs are given.
Kinetic Parameters of tZ Accumulation in BY-2 Cells
Parameter Run #1 Run #2 Run #3 Run #4 Mean
V max / ρ
[ pmol×min−1
× (106  cells)−1 ]













× (106  cells)−1 ]
29.90 ± 2.46 34.44 ± 2.49 36.15 ± 2.80 34.18 ± 2.20 33.7 ± 2.49
Table  6: Kinetic parameters of iP accumulation in BY-2 cell suspension culture. The parameters  
were evaluated by fitting mathematical model  (11) to the experimental plot of [3H]-iP transport  
rate values against the total concentration of iP in the cell suspension culture. The experiment was  
performed in four independent runs. Results of each run are presented individually. In the last  
column, mean parameter values over all four runs are given.
Kinetic Parameters of iP Accumulation in BY-2 Cells
Parameter Run #1 Run #2 Run #3 Run #4 Mean
V max / ρ
[ pmol×min−1
× (106  cells)−1 ]
 1.17 ± 0.13 4.17 ± 1.43 3.56 ± 1.17 6.05 ± 3.57 3.74 ± 1.58
KM
[ nmol×L−1 ]






× (106  cells)−1 ]
115.43 ± 1.86 119.29 ± 4.14 123.43 ± 3.97 128.15 ± 8.26 121.57 ± 4.56
The mean values of NSR / ρ  can be used to evaluate how much is the transport 
rate affected by a component independent on membrane carriers, i.e. simple diffusion. The 
obtained mean values of NSR / ρ , 33.7 ± 2.49 (tZ) and 121.57 ± 4.56 fmol×min-1 per a 
million cells  (iP),  show that iP diffuses across membranes with a greater  rate  than tZ. 
Nevertheless,  the  mean  NSR / ρ  values  make  up  only  0.6% (tZ)  and  3.2% (iP)  of 
obtained mean  V max / ρ  values  (5.44 ± 1.21  for  tZ  and 3.74 ± 1.58 pmol×min
-1 per  a 
million cells for iP), suggesting that tZ and iP uptakes are mostly mediated by membrane 
carriers.
Having seen that both tZ and iP enter BY-2 cells via carrier-mediated transport, we 
continued by exploring the possible competition between the two bases. Existence of such 
competition  would  mean that  tZ  and iP are  transported  at  least  partially  via  the  same 
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system. We performed another kinetic accumulation assay, this time using [3H]-tZ as the 
tracer  and  non-labelled  iP  as  the  competitor.  Experimental  data  were  fitted  with  the 
mathematical  model  (8),  using  the  previously  evaluated  mean  value  of  KM  for  tZ 
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accumulation in BY-2 cells. To confirm the model validity, experimental data were initially 
fitted  with  a  model  where  the  K I  value  was  guessed  to  be  equal  to  KM  of  iP 
accumulation  in  BY-2  cells  (see  Figure  12).  From  this  fit,  values  of  V max / ρ  and 
NSR / ρ  were predicted. Then, the actual values of K I , V max / ρ , and NSR / ρ  were 
determined by fitting experimental data with the unmodified model  (8). In  Figure 12, a 
comparison  of  both  prediction  and  actual  model  is  shown  for  four  independent 
experimental runs. Kinetic parameters evaluated for both models are given in Table 7.
Table 7: Kinetic parameters of tZ accumulation in BY-2 cell suspension culture in the presence of  
iP acting as a competitive inhibitor. The parameters were evaluated by fitting model  (8) to the  
experimental plot of [3H]-tZ transport rate values against the concentration of non-labelled iP in  
the  cell  culture.  Predicted  parameters  (top)  were  obtained  by  considering  the  mean  value  of  
KM (tZ )  (see  Table 5) as  KM  and the mean value of  KM (iPA)  (see  Table 6) as  K I .  Actual  
parameters (bottom) were obtained when no value was a priori assigned to K I .
Comparison of Prediction and Actual Model of [3H]-tZ Accumulation in BY-2 Cells 
in the Presence of iP
Parameter
Prediction
Run #1 Run #2 Run #3 Run #4 Mean
V max  / ρ
[ pmol×min−1
× (106  cells)−1 ]
 6.16 ± 0.49 6.18 ± 0.58 6.35 ± 0.36 7.21 ± 0.99 6.48 ± 0.61
NSR / ρ
[ fmol×min−1
× (106  cells)−1 ]
54.56 ± 5.07 57.21 ± 5.95 55.98 ± 3.92 77.61 ± 10.87 61.34 ± 6.45
Parameter
Evaluation
Run #1 Run #2 Run #3 Run #4 Mean
V max  / ρ
[ pmol×min−1
× (106  cells)−1 ]












× (106  cells)−1 ]
53.37 ± 5.95 54.89 ± 6.77  53.99 ± 4.38 64.16 ± 6.85 56.60 ± 5.99
Actual evaluated values of both V max / ρ  and NSR / ρ  are fairly similar to the 
respective  predictions,  suggesting  that  a  transport  model  considering  tZ  and  iP  as 
competitive  inhibitors  on  biological  membranes  is  valid.  Due  to  large  errors  of  the 
evaluated  K I  parameter values, the competition effect of iP on tZ uptake by BY-2 cells 
cannot be further discussed.
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5.2 Metabolism of Radio-Labelled Cytokinins in 
Arabidopsis Plants
5.2.1 Cytokinin Uptake Mediated by Arabidopsis Plants
The previous  experiments  were  done in  tobacco BY-2 cell  suspension cultures. 
Such systems, while offering advantages of easy manipulation and upscaling, allow us to 
observe only those physiological processes that are independent of positional information, 
tissue  or  organ  specificity  and  so  on.  Furthermore,  when  exploring  functionalities  of 
Arabidopsis genes  (such  as  AtPUP14  or  AtABCG14),  transgenic  tobacco  lines  act  as 
heterologous  expression  systems,  potentially  employing  different  post-translational 
modifications.
Therefore,  we  performed  another  set  of  experiments,  this  time  on  14-day  old 
Arabidopsis  plants.  The  plants  were  treated  with  20nM  solutions  of  radio-labelled 
cytokinins [3H]-tZ, [3H]-iP, [3H]-tZ9G, [3H]-iP9G and [3H]-cZ9G. The treatment lasted 
for 100 minutes. The experiment was performed using wild-type (WT) plants,  atabcg14 
and atpup14 mutant plants, and AtUGT76C2-overexpressing plants.
At  first,  we  examined  the  total  uptake  of  radio-labelled  tracer  by  Arabidopsis 
plants. Each tracer’s uptake was evaluated as the ratio between the tracer concentrations 
detected in the corresponding media before and after the plant treatment. In media used to 
treat WT plants, [3H]-tZ concentration dropped to about 60% and [3H]-iP concentration to 
about 80% of the corresponding initial concentrations. In media used to treat atabcg14 and 
atpup14 plants, the final concentrations of both radio-labelled bases were about 80% and 
90% of the corresponding initial concentrations, respectively.
No  significant  difference  between  the  initial  and  final  concentration  of  radio-
labelled cytokinin glucosides was observed in either case, suggesting that they were taken 
either  in  a  very  small  amount  or  not  at  all.  An exception  to  this  observation  was the 
medium used to treat  atabc14 plants with [3H]-iP9G, where the final concentration was 
about 120% of the initial one. Such an increase most likely occurred due to contamination 
of the medium sample during total radioactivity analysis. The differences between initial 
and final concentrations of radio-labelled cytokinin tracers in media are depicted in Figure
13.
In media used to treat AtUGT76C2-overexpressing plants, the final concentration of 
neither tracer changed in respect to the initial one, suggesting that these plants didn’t take 
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even  cytokinin  bases  (data  not  shown).  Since  these  results  probably  stem  from 
unsatisfactory plant conditions or experiment set-up, they were further considered invalid.
5.2.2 Identification of Cytokinin Metabolites in Arabidopsis Plants
Treated plants and media samples (taken both before and after the treatment) were 
further  analysed  by  high-performance  liquid  chromatography  (HPLC)  to  identify 
metabolites  of  the  radio-labelled  tracers  and  to  express  their  relative  amounts.  Before 
analysis,  cytokinin  fractions  were  isolated  from plant  samples,  according  to  a  method 
developed by P. Dobrev and M. Kamínek [169].
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Metabolic conversions of cytokinins may result in concentration change of those 
forms that are carried over biological membranes. Since both equilibrium constant and 
transport rate depend on substrate concentrations on either side of the membrane, it is clear 
that cytokinin metabolism affects their transport. Furthermore, changes in metabolism tied 
to mutation or over-expression of certain transported genes may help to further discuss the 
said  transporter’s  role  in  planta.  Results  of  metabolic  assays  are  presented in  form of 
tables.  The area  under  the  curve  (AUC) of  each peak was divided by the  total  AUC, 
yielding total AUC percentages of each detected metabolite.
Table  8: Metabolism of [3H]-tZ (trans-zeatin) and [3H]-iP (isopentenyladenine) in Arabidopsis  
plants. Cytokinin fraction isolated from plant material was analysed via HPLC, using Kinetex C18  
column, 150 × 4.6 mm, 5 µm (Phenomenex) and Ramona 2000 on-line flow-through radioactivity  
detector  (Raytest  GmbH).  For  each metabolite,  percentages  of  the  total  area  under  the  curve  
(AUC) are given for three types of sample and three types of plants. WT: wild type; Ade: adenine,  
Ado: adenosine, tZRMP: trans-zeatin riboside monophosphate, tZ7G: trans-zeatin N7-glucoside,  
tZ9G:  trans-zeatin  N9-glucoside,  tZR:  trans-zeatin  riboside,  iP7G:  isopentenyladenine  
N7-glucoside,  iP9G:  isopentenyladenine  N9-glucoside,  iPRMP:  isopentenyladenine  riboside  
monophosphate ; n .d.: not detected.






WT abcg14 pup14 WT abcg14 pup14 WT abcg14 pup14
Ade 33.51 35.81 57.34 8.20 7.33 12.66 17.98 29.91 34.12
Ado 13.74 13.84 15.48 1.49 1.59 2.13 2.38 2.60 4.20
tZRMP 9.25 5.99 2.93 1.13 0.87 n. d. 1.66 0.70 n. d.
tZ7G 3.54 2.10 1.68 0.87 0.75 n. d. 0.98 0.82 n. d.
tZ9G 1.53 0.98 1.22 0.69 1.21 n. d. 0.67 1.40 n. d.
tZ 12.09 9.32 2.41 67.91 61.19 58.55 57.15 38.19 35.52
tZR 7.22 2.76 4.54 n. d. 3.14 n. d. n. d. n. d. n. d.






WT abcg14 pup14 WT abcg14 pup14 WT abcg14 pup14
Ade 43.99 46.00 56.04 18.24 18.64 19.73 35.84 45.26 42.96
Ado 15.15 13.46 13.2 3.14 2.97 3.59 4.57 4.73 4.86
tZ 0.62 0.47 0.69 0.87 0.73 2.65 1.15 0.46 2.75
iP7G 5.53 3.70 2.57 2.30 2.50 2.06 2.30 1.43 1.97
iPRMP 1.55 0.52 0.49 1.06 0.53 0.35 0.94 0.39 0.68
iP9G 0.77 0.52 0.25 0.60 0.19 n. d. 0.77 0.23 0.47
iP 4.00 1.67 0.84 50.34 47.73 50.34 26.99 24.33 21.47
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Metabolic data for [3H]-tZ and [3H]-iP are given in Table 8. In [3H]-tZ metabolic 
profiles, adenine, adenosine,  trans-zeatin riboside monophosphate (tZRMP),  trans-zeatin 
N7-glucoside (tZ7G), tZ9G, tZ and trans-zeatin riboside (tZR) were detected. In all plant 
tissue  samples,  adenine  was  the  most  abundant  metabolite  in  all  plant  tissue  samples, 
making for 33.5 % (WT), 35.8 % (atabcg14), and 57.3 % (atpup14) of total AUC. Adenine 
was also present in media before the treatment, probably due to tracer decay.
During the treatment of all plant types, the relative amount of adenine in media 
increased. Adenosine was found mainly in plant tissue samples, making for 13.7 % (WT), 
13.8 % (atabcg14), and 15.5 % (atpup14) of the total AUC; tZMRP made for 12.1 % and 
9.3 % of the total AUC in WT and  atabcg14 plant tissue samples, respectively, but only 
2.9 % of the total AUC in atpup14 plant tissue samples; tZ7G made for 3.5 % of the total 
AUC in WT plant tissue samples. In other samples, both tZ7G and tZ9G were found in 
trace amounts only. Being the initial radio-labelled tracer, tZ was also the most abundant 
substance  detected  in  all  media  samples.  In  all  cases,  its  relative  amount  in  media 
decreased in the course of the treatment. In plants, tZ made for 12.1 % and 9.3 % of the 
total AUC in WT and abcg14 plant tissue samples, respectively, but only 2.8 % of the total 
AUC  in  atpup14 plant  tissue  samples.  Lastly,  tZR  was  found  mostly  in  plant  tissue 
samples, making for 7.2 % (WT), 2.8 % (atabcg14), and 4.5 % (atpup14) of the total AUC.
In  [3H]-iP  metabolic  profiles  (see  Table  8),  adenine,  adenosine,  tZ, 
isopentenyladenine  N7-glucoside  (iP7G),  isopentenyladenine  riboside  monophosphate 
(iPRMP), iP9G and iP were found. Similarly to the results concerning [3H]-tZ metabolism, 
adenine was the most abundant metabolite in all plant tissue samples, making for 44.0 % 
(WT), 46.0 % (atabcg14), and 56.0 % (atpup14) of the total AUC. It was present in both 
initial and final media and its relative amount increased in the course of all treatments. It 
was also the most abundant metabolite in all final media samples. Adenosine was found 
mostly in plant tissue samples, making for 15.2 % (WT), 13.5 % (atabcg14), and 13.2 % 
(atpup14) of the total AUC. In media samples, adenosine relative amount remained below 
5 % of the total AUC and there was no significant difference between AUC percentage 
during the treatment in either case. As for tZ, iPRMP, and iP9G, they were found only in 
trace amounts in all sample types. In plant tissue samples, iP7G made for 5.5 % (WT), 
3.7 % (atabcg14), and 2.6 % (atpup14) of the total AUC. In all media samples, its relative 
amount was below 3 % of the total AUC and didn’t significantly change in the course of 
either plant type treatment. The original tracer, iP, was found mostly in both initial and 
final media. In course of the treatments, the relative amount of iP in media dropped from 
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50.3 % to 27.0 % (WT), from 47.7 % to 24.3 % (atabcg14), and from 50.3 % to 21.5 % 
(atpup14) of the total AUC. In WT plant tissue samples, iP made for 4.0 % of the total 
AUC, while in atabcg14 and atpup14 samples, it was only 1.7 % and 0.8 %, respectively.
Table  9:  Metabolism of  [3H]-tZ9G (trans-zeatin N9-glucoside),  [3H]-iP9G (isopentenyladenine  
N9-glucoside), and [3H]-cZ9G (cis-zeatin N9-glucoside) in Arabidopsis plants. Cytokinin fraction  
isolated from plant material was analysed via HPLC, using Kinetex C18 column, 150 × 4.6 mm,  
5 µm  (Phenomenex)  and  Ramona  2000  on-line  flow-through  radioactivity  detector  (Raytest  
GmbH). For each metabolite, percentages of the total area under the curve (AUC) are given for  
three types of sample and three types of plants.  WT: wild type; Ade: adenine, Ado: adenosine,  
tZRMP: trans-zeatin riboside monophosphate, tZ7G: trans-zeatin N7-glucoside, tZ: trans-zeatin,  
tZR: trans-zeatin riboside; n. d.: not detected.






WT abcg14 pup14 WT abcg14 pup14 WT abcg14 pup14
Ade 2.65 1.48 3.21 1.44 2.67 2.36 1.38 4.59 0.58
Ado 1.04 1.07 0.68 0.91 0.59 1.21 2.26 0.90 0.63
tZRMP 0.33 0.72 n. d. 0.41 0.56 n. d. 0.60 0.76 n. d.
tZ7G 0.50 n. d. 2.02 0.38 n. d. n. d. 1.47 n. d. n. d.
tZ9G 85.53 94.06 88.11 78.54 93.30 80.89 70.55 88.15 92.63
tZ 1.65 n. d. n. d. 2.06 n. d. n. d. 1.55 n. d. n. d.
tZR 1.16 n. d. n. d. 1.11 n. d. n. d. 1.62 n. d. n. d.






WT abcg14 pup14 WT abcg14 pup14 WT abcg14 pup14
Ade n. d. 0.67 1.40 n. d. 0.46 2.54 n. d. 0.47 0.54
Ado n. d. 0.48 0.14 n. d. 0.29 0.47 n. d. 0.18 0.08
iP9G 88.45 91.31 87.15 83.48 89.76 86.13 76.21 93.97 91.49






WT abcg14 pup14 WT abcg14 pup14 WT abcg14 pup14
Ade n. d. 0.61 1.84 n. d. n. d. 2.18 n. d. n. d. n. d.
cZ9G 88.28 89.71 84.95 82.69 89.68 75.32 77.70 88.96 88.69
Metabolic data for [3H]-tZ9G, [3H]-iP9G, and [3H]-cZ9G are given in Table 9. In 
[3H]-tZ9G metabolic profiles, tZ metabolites listed above were detected. However, other 
metabolites than tZ9G were present in trace relative amounts only. In plant tissue samples, 
tZ9G made for 85.5 % (WT), 94.1 % (atabcg14), and 88.1 % (atpup14) of the total AUC. 
In media samples, there was no significant difference between relative amounts of tZ9G 
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before and after the treatment in either case. As for the two other glucosides, [3H]-iP9G 
and [3H]-cZ9G, conclusions similar to those for [3H]-tZ9G can be made.
In [3H]-iP9G metabolic profiles (see Table 9), only trace amounts of adenine and 
adenosine were found alongside iP9G itself. In plant tissue samples, iP9G made for 88.3 % 
(WT), 91.3 % (atabcg14) and 87.2 % (atpup14) of the total AUC.
In [3H]-cZ9G metabolic profiles (see  Table 9), only cZ9G and trace amounts of 
adenine  were  found.  In  plant  tissue  samples,  cZ9G  made  for  88.3 %  (WT),  89.7 % 
(atabcg14) and 85.0 % (atpup14) of the total AUC.
In media samples, relative amounts of neither glucoside significantly changed in 
course of neither plant treatment. All things considered, no significant metabolic processes 
were observed when treating Arabidopsis plants with radio-labelled cytokinin glucosides. 
Moreover,  given their  hardly  detectable  uptakes  by  the  plants,  the  detected  glucosides 
might have occurred in the samples due to superficial contamination, rather than actual 
transport processes.
5.3 Cytokinin Transporter Mutation Effects on De Novo 
Tissue Formation in Arabidopsis Hypocotyls
5.3.1 De Novo Tissue Formation in Arabidopsis Hypocotyls Muted 
in Various Cytokinin Transport-Related Genes After Kinetin and 
Auxin (3 : 1) Treatment
The last set of experiments was based on reports published by Kubo and Kakimoto 
(2000)  [220] and  Pernisová  et  al.  (2009)  [219].  In  these  works,  the  authors  studied 
organogenesis mediated in  Arabidopsis hypocotyl explants by auxin and cytokinin cross-
talk. One of the experimental procedures they used consists in treating hypocotyls excised 
from 14-day old  Arabidopsis seedlings with exogenous kinetin and auxin, causing either 
formation of either undifferentiated calli, shoot-like or root-like tissues. As shown in [219], 
[220], the results of such assays depend on the ratio between auxins and cytokinins and can 
be altered by some genetic modification, such as mutations in genes regulating cytokinin 
signalization pathway.
We  adopted  these  assays  to  explore  potential  effects  of  putative  cytokinin 
transporter genes on said organogenetic processes and to see whether such an assay could 
be generally used as a tool in further cytokinin transport research.
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To begin with, we performed a scanning assay, treating hypocotyls from several 
single-gene mutant  Arabidopsis  plants with kinetin and auxin in 3 : 1 ratio (in terms of 
mass concentration). Details of the procedure are given in 4.4.3. The Arabidopsis mutant 
set consisted of atpup1, atpup14, atent1, atent3, atent7, atent8, and atabcg14; all of these 
muted genes had been previously studied in relation to cytokinin transport. As a negative 
control, wild-type  Arabidopsis hypocotyls (ecotype Columbia, or Col-0) were treated in 
the same manner.
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Results of 21-day long treatment are presented in Figure 14. All hypocotyls started 
forming shoot-like, green tissues. In a few cases, leaves sprouted from the hypocotyls as 
well.  Despite a certain degree of diversity in the morphology of the tissues formed, no 
significant difference was observed between the control and either of the mutant explants.
5.3.2 De Novo Tissue Formation in Wild-Type, atabcg14, atpup14 
and AtUGT76C2-Over-Expressing Arabidopsis Hypocotyls 
Treated With Various Cytokinins in Various Concentrations
To see  how different  cytokinin  species  and  their  different  concentrations  affect 
organogenetic  processes  in  Arabidopsis hypocotyl  explants,  we  concluded  two  more 
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experiments based on treating the hypocotyls with exogenous cytokinin and auxin. In both 
of  them, we only focused on four types  of hypocotyl  explants:  atabcg14 and  atpup14 
mutants, AtUGT76C2 overexpressor, and wild type.
In the first experiment, we compared the effects of different kinetin concentrations. 
Hypocotyl explants were treated by three different types of media, labelled as K30, K100 
and K300. In the other experiment, we compared the effects of different cytokinin species. 
Hypocotyl explants were treated by media containing tZ (labelled Z300) and iP (labelled 
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P300) instead of kinetin. The results were compared with those previously obtained for 
K300. Cytokinin and auxin concentrations in each media type are given in Table 4.
Comparison of hypocotyl explant treatment with different kinetin concentrations is 
depicted  in  Figure  15. It  can  be  seen  that  with  increasing  kinetin  concentration 
(corresponding to  the increasing number in media labels),  the hypocotyls more readily 
differentiate  into  shoot-like  tissues.  When  treated  with  K30  medium,  most  hypocotyls 
displayed growth of root-like structures, similar to those described in [219]. As the kinetin 
concentration increased, these structures diminished.
Comparison  of  hypocotyl  explant  treatment  with  kinetin,  iP,  and  tZ  at 
concentrations of 300 µg×L-1 (together with 100 µg×L-1 auxin) is depicted in  Figure 16. 
Treating  hypocotyl  explants  with  iP resulted in  a  response corresponding to  very  high 
cytokinin doses. They differentiated into green calli, often sprouting shoot-like structures 
with leaves. On the other hand, hypocotyl explants treated with tZ displayed almost no 
callus growth. Their morphology corresponded to that of explants treated with kinetin at 
lower  concentrations.  The  response  of  hypocotyl  explants  treated  with  kinetin  was 
somewhere between those of explants treated with iP and tZ. There was no significant 
difference between responses of hypocotyl explants isolated from different plant types to 
either kind of hormonal treatment.
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6 Discussion
6.1 Cytokinin Membrane Transport in Cell Suspension 
Cultures
6.1.1 Cytokinin N9-Glucosides Are Not Transported Across The 
Plasma Membrane from Media to Tobacco BY-2 Cells
Transport  processes  on  biological  membranes  are  driven  by  the  substrate's 
physically chemical and biological properties. Generally speaking, the simple diffusion is 
allowed to uncharged and hydrophobic molecule only and the carrier-mediated transport 
can be highly selective regarding the substrate's structure and role in the organism.
To  study  cytokinin  transport  on  plasma  membranes,  we  started  by  measuring 
accumulations of radio-labelled cytokinin traces in BY-2 cell suspension cultures during 
approximately fifteen minutes. We have observed a striking difference between uptakes of 
radio-labelled  cytokinin  free  bases,  [3H]-tZ  and  [3H]-iP,  and  their  glycosylated 
counterparts, [3H]-tZ9G, [3H]-iP9G, and [3H]-cZ9G. While both free bases were readily 
accumulated by the cells, we detected only small and practically constant tracer amounts in 
cells accumulating cytokinin ribosides. These small values corresponded to those that were 
detected at the beginning of both [3H]-tZ and [3H]-iP accumulation assays. Therefore, it 
can be assumed that they originate in superficial contamination of the cells and that no 
actual transport of glycosylated cytokinins occurred.
It follows that conjugation with a glucose moiety is a change great enough to make 
cytokinins too polar to pass through biological membranes via the simple diffusion and 
unrecognisable  for  cytokinin  membrane-bound transport  systems.  This  is  in  agreement 
with their different roles, compared to cytokinin free bases, which act as biologically active 
chemical mediators. Cytokinin O-glucosides, which can be converted back to biologically 
active  free  bases  via  a  β-glucosidase [96],  and  N-glucosides  are  usually  described  as 
storage and irreversibly inactivated cytokinin forms, respectively. However,  trans-zeatin 
O-glucoside was also reported acting as a long-distance greening promoter in cucumber 
(Cucumis sativus) plants, distributed via xylem [227]. Furthermore, hydrolysis of cytokinin 
N-glucosides was observed too [93].
The  authors  in  [228] state  that  in  plants,  glycosylation  may  serve  to  regulate 
compartmentalization of various compounds, which is in agreement with our findings that 
cytokinin bases and glucosides are not substrates of the same transport system.
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The  lack  of  any  transport  activity  of  cytokinin  glucosides  from  media  to  BY-2  cells 
suggests that there is no need for plants to import such cytokinin forms from extracellular 
space  into  the  cytoplasm.  On the  contrary,  it  has  been hinted that  cytokinin  glucoside 
export  from  cells  may  occur  in  planta.  Such  a  hypothesis  is  underlaid  by  different 
localization of most cytokinin glucosides and UGTs, catalysing glycosylation of cytokinin 
free bases. It has been shown that UGT85A1 and UGT76C2 localize to the cytoplasm; 
UGT76C1,  bearing  strong  homology  with  the  latter,  is  supposed  to  be  a  cytoplasmic 
enzyme as well [97], [229]. On the other hand, cytokinin glucosides were found mainly in 
extracellular space and vacuoles [230].
Based on these findings, the authors in [229] propose a general model of cytokinin 
action,  in  which  cytokinin  free  bases,  either  formed  in  cells  or  imported  from  the 
extracellular space, are converted to glucosides in the cytosol and subsequently exported 
from cells or stored in vacuoles. The existence of such an export system would support the 
hypothesis  that glucosides are not merely an inactive form of cytokinins,  but that they 
rather play particular biological roles in plant organism. It remains to be answered whether 
the cytokinin glucosides distributed via xylem act as biologically active ligands of specific 
membrane receptors or whether are hydrolysed at the target tissues.
To further explore these possibilities, experiments focused on the putative cytokinin 
glucoside  cellular  export  should be  conducted.  For  instance,  providing cell  suspension 
cultures with radio-labelled cytokinin bases should result in the formation of radio-labelled 
cytokinin glucosides and their subsequent export back to media, where we should be able 
to detect them. The amount of exported cytokinin glucoside should be dependent on the 
initial tracer amount and also on the activities of cytokinin-specific UGTs.
6.1.2 AtPUP14 Expression Has No Effect on Cytokinin Glucoside 
Transport from Media to Tobacco BY-2 Cells
Since no uptake of radio-labelled cytokinin glucosides occurred in wild-type BY-2 
cell suspension cultures, we decided to see whether heterologous expression of AtPUP14 
gene,  whose  product  was  shown to  act  as  a  tZ-specific  importer  [155],  changes  this. 
However,  no difference  was observed between the  cell  lines  expressing  AtPUP14 and 
those where the  AtPUP14 expression hadn't been induced, suggesting that glycosylation 
indeed prevents cytokinin to be recognised by membrane-bound transporters.
Interestingly, no change between induced and non-induced lines was observed in 
case of iP accumulation,  either,  even though iP had been shown to act  as a tZ uptake 
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inhibitor in microsomal systems  [155]. A possible explanation of such an observation is 
that there are membrane transport systems native to BY-2 cells with a significantly higher 
affinity toward iP than AtPUP14.
6.1.3 Kinetics of tZ and iP Uptake in BY-2 Cells Correspond to a 
Model Based on Michaelis-Menten Kinetics
In previously described experiments, we have shown that cytokinin free bases are 
readily transported across the plasma membrane from media to BY-2 cells. The kinetic 
studies have further shown that both tZ and iP uptake in BY-2 cells can be described using 
a model based on the classical Michaelis-Menten kinetics and competitive inhibition. It 
follows that these cytokinin free bases enter the cells both via carrier-mediated transport, 
which is dependent on the net capacity of all involved transporters (and therefore obeys 
saturation kinetics models), and simple diffusion, which is represented by the non-saturable 
component, as the diffusion rate depends only on the substrate concentration gradient.
Kinetics  of  tZ  uptake  in  cell  cultures  were  previously  studied,  for  instance,  by 
Cedzich et al. in [109]. The authors measured tZ uptake rate in Arabidopsis cells at various 
substrate concentration. They suggested the existence of high- and low-affinity tZ uptake 
systems. The former was studied at tZ concentrations ranging from 0 to 1000 nmol×L-1, 
which is comparable to the settings we have used in this thesis. Cedzich et al. reported 
KM  of tZ uptake as 210.9 nmol×L
-1 in  Arabidopsis cells, while we have evaluated the 
same parameter in BY-2 cells as 108.3 nmol×L-1. The fact that both these values lie within 
the order of 102 nmol×L-1 (even if they still somewhat differ) suggests similarities between 
tZ uptake in Arabidopsis and tobacco.
The low-affinity tZ uptake system, suggested by Cedzich et al., was studied at tZ 
concentrations ranging from 0 to 200 µmol×L-1. Even though the transport rate depended 
on  substrate  concentration,  it  did  not  display  the  typical  Michaelis-Menten  saturation 
profile. The further mathematical analysis revealed this uptake system can be decomposed 
to  at  least  two saturable functions,  which are characterized by  KM  values  of 3.9 and 
98.8 µmol×L-1.  The  authors  point  out  that  the  latter  value  is  far  from  physiological 
cytokinin  levels,  which  are  typically  nano-molar.  Therefore,  this  lowest-affinity  uptake 
may not be relevant in planta [109].
In the same work, tZ uptake inhibition was studied by adding various unlabelled 
competitors in ten-fold excess to the  Arabidopsis cell suspension cultures. Addition of a 
ten-fold excess of iP lowered the tZ uptake rate by approximately 50 %, which the authors 
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interpreted as competition between the two cytokinin free bases  [109]. In this thesis, we 
were able to support such a conclusion by measuring iP inhibitory effects on tZ uptake 
over  a  range  of  iP  concentrations.  The  results  could  have  been  well  fitted  with  a 
mathematical  model  based  on  competitive  inhibition,  expanded  by  the  non-saturable 
component. When we had tried to measure tZ uptake inhibition by other cytokinin species, 
we got results we weren't able to fit anyhow (they are not shown in this thesis), which may 
serve as a confirmation that our model is sensitive enough to reject those cases where no 
competition occurs.  In future research,  we could broaden the results  presented here by 
repeating  the  experiment  with  other  substances  previously  reported  as  competitive  tZ 
uptake inhibitors,  such as adenine or 6-benzylaminopurine, and substances unrelated to 
cytokinins, such as allantoin [109], [155].
We have supposed that the inhibition between tZ and iP uptake in BY-2 cells is 
competitive, i.e. that both molecules bind to free transporters. In such cases, the presence 
of the inhibitor increases KM  of the substrate uptake, while other parameters, in our model 
V max / ρ  and  NSR / ρ ,  remain unaffected. It is possible that either tZ or iP bind to 
transporter-substrate structures as well, therefore limiting the membrane transport systems 
capacity  and lowering  V max / ρ .  That  would  be a  case of  mixed inhibition,  then.  To 
explore this  possibility,  we could perform kinetic  accumulation assays,  as described in 
4.4.7, with and without the inhibitor within the same cell suspension culture, to ensure that 
we work in a system with constant capacity.
In this  thesis,  we haven't  further discriminated between facilitated diffusion and 
active transport,  two types of carrier-mediated transport  processes that differ in energy 
dependence.  In plants, a large portion of secondary active transport processes is coupled to 
a proton gradient, maintained via proton pumps and production or consumption of protons 
during biochemical reactions [231]–[233]. Therefore, the energy dependence of membrane 
transport processes is often tested by addition of a protonophore, such as CCCP, which is 
supposed to halt the transport via cancelling the proton gradient [109], [215], [234].
6.2 Cytokinin Metabolism in Arabidopsis Plants
6.2.1 Mutations of atabcg14 and atpup14 Altered Net Uptake of 
Radio-Labelled Cytokinin Free Bases in Arabidopsis Plants
To examine the effects of atabcg14 and atpup14 mutations, we treated 14-day old 
Arabidopsis plants with MS/2 media containing radio-labelled cytokinin free bases and 
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glucosides in concentrations of 20 nmol×L-1. Having analysed media samples taken before 
and  after  a  100-minute  plant  treatment,  we  observed  that  little  or  no  uptake  of  the 
glucosides occurred. This agrees with the result obtained from accumulation assays in BY-
2  cells,  indicating  that  cytokinin  glycosides  do  not  readily  enter  plant  cells  via  the 
cytoplasmic membrane.
The results obtained for treating  Arabidopsis plants with radio-labelled cytokinin 
glucosides  are  presented,  but  their  accuracy  is  questionable.  In  future,  to  study  the 
cytokinin glucosides metabolism, other methods than their exogenous application should 
be employed, such as cytokinin profiling in glucoside-over-expressing plants.
On the other hand, some uptake by Arabidopsis plants was observed in case of both 
radio-labelled  cytokinin  free  bases,  [3H]-tZ  and [3H]-iP.  Both  types  of  mutant  plants, 
atabcg14 and atpup14, were impaired in terms of cytokinin free bases net uptake, which 
could be caused by both reduced import of radio-labelled tracers from media to plants and 
increased export of radio-labelled metabolites from plants to media. To be able to discuss 
both these effects, cytokinin profiling in the plants and the media samples was performed.
6.2.2 Mutations of atabcg14 and atpup14 Altered Cytokinin Free 
Bases Metabolism
Metabolic  profiles  of  atpup14 plants  display  a  reduced  amount  of  tZ  in  plant 
tissues. On the other hand, the relative amount of adenine in plant tissues, when compared 
to wild-type plants, increased. What's more, in media used to treat  atpup14 plants with 
[3H]-tZ,  the relative amount  of adenine significantly grew during the 100-minute long 
treatment, while the relative amount of tZ in the same media significantly dropped. If the 
atpup14 mutation had simply reduced tZ uptake by the transgenic plants, we would obtain 
opposite results – not to mention that a single mutation is unlikely to impair cytokinin 
uptake by the whole plants.
A more plausible interpretation is that while tZ uptake by atpup14 plants remained 
primarily unaffected, tZ import to cells was hindered, which caused tZ to accumulate in the 
apoplast.  There,  it  became substrate of extracellular  CKX isoforms, which are specific 
toward cytokinin free bases, unlike those localized in cellular compartments [235], [236]. 
The  CKXs thus converted tZ to adenine more readily in atpup14 plants than in the wild-
type ones. Moreover, because of the hindered tZ transport to cells, a smaller portion of the 
radio-labelled tZ could have been converted to its conjugated forms, which would have 
provided a certain degree of protection from the apoplastic CKXs. Such a statement can be 
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supported by the fact that relative amounts of tZ7G, tZR, and tZRMP were smaller in 
atpup14 plants than in the wild-type ones. Adenine, the product of tZ degradation, could 
have been eventually exported back to media.
The increased rate of tZ degradation, followed by an increased adenine export to 
media, would explain all the observations mentioned above - the decreased drop of the 
total radioactivity, the decreased amount of tZ in plant tissues, and the increased amount of 
adenine  in  both  plant  tissues  and  media  samples  taken  after  the  treatment  in  atpup14 
plants, all in comparison to the wild-type ones. This interpretation also supports the view 
of AtPUP14 as a specific transporter of cytokinin free bases from apoplast to the cytoplasm 
[155].
Similar trends can be seen in the results obtained after the  atpup14 plants were 
treated with radio-labelled iP, even though the differences between atpup14 and wild-type 
plants were smaller.  Supposing that these differences stem from the impaired iP cellular 
import, the less pronounced effects of the  atpup14 mutation on iP metabolic profiles, in 
comparison to tZ, might be a net result of AtPUP14 displaying lower affinity to iP, lower 
uptake of iP by Arabidopsis plants, and higher iP degradation rate.
The results of metabolic profiling in atabcg14 plants were similar to those observed 
in the case of  atpup14 plants and discussed above. The tZ relative content in  atabcg14 
plant tissues wasn't much different from that in wild-type plants, but the respective increase 
and  decrease  of  adenine  and  tZ  relative  amounts,  previously  discussed  in  relation  to 
atpup14, were observed in media used to treat atabcg14 plants with radio-labelled tZ too. 
Since  AtABCG14  has  been  described  as  cytokinin-specific  exporter  localized  to  root 
tissues  [157], [159], another explanation of the observed phenomena should be devised. 
The increase of adenine relative content in media used to treat atabcg14 plants may be 
relevant  to tZ  or  iP accumulation  in  root  cells,  given  their  impaired  export  to  xylem 
because of the  atabcg14  mutation. To maintain cytokinin homoeostasis, the plants might 
have converted the surplus tZ and iP to adenine, which was subsequently exported back to 
media.
Another  two  points  should  be  noted  about  our  results.  Firstly,  the  plants  were 
submerged during the experiment. Such a situation, far from  Arabidopsis natural living 
conditions,  might  have triggered a stress response changing some metabolic processes. 
And secondly, both mutations might have caused secondary defects in the plants, affecting 
their behaviour during our experiments.
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6.3 Cytokinin-Mediated Organogenesis in Arabidopsis 
Hypocotyl Explants
6.3.1 Phenotypes of atabcg14, atpup14, and AtUGT76C2-Over-
Expressing Arabidopsis Hypocotyl Explants Were Not Different 
From The Wild Type
We were interested to see if hypocotyl explant assays described in [219], [220] can 
help us to further characterize the roles of  AtPUP14 and  AtABCG14 genes in cytokinin 
transport. We saw no effects of either mutation on cytokinin-treated Arabidopsis hypocotyl 
explant  phenotypes.  Similarly,  no  differences  in  cytokinin-induced  organogenesis  were 
observed between the wild-type explants and those over-expressing UGT76C2, which we 
included for further comparison. On the other hand, the phenotypes varied if the hypocotyl 
explants were treated with different cytokinin species or with different concentrations of 
the same cytokinin. Neither of the mutations, nor  UGT76C2 over-expression is a change 
significant enough to alter de novo organogenesis.
We concluded that both AtABCG14 and AtPUP14 become important only in tissues 
at  certain  developmental  stages,  while  in  hypocotyls  and  hypocotyl-based  calli, 
long-distance transport and simple diffusion dominate, making the roles of both transporter 




1. In BY-2 cell suspension culture, tZ and iP uptake were observed. On the other hand, 
no uptake of tZ9G, iP9G, or cZ9G occurred.
2. Carrier-mediated transport of cytokinin free bases across cytoplasmic membrane in 
BY-2 cell suspension culture was confirmed.  KM  values of tZ and iP uptake in 
BY-2 cells were approximately evaluated as 108 and 65 nmol × L-1, respectively. 
Competitive inhibition between the two cytokinins was observed.
3. In 14-day old Arabidopsis plants treated with MS/2 media containing radio-labelled 
cytokinins, tZ and iP uptake was observed. In atabcg14 and atpup14 mutants, the 
difference between total radioactivity in media samples taken before and after the 
treatment varied from the difference detected in wild-type plants.
4. In both atabcg14 and atpup14 mutants, increase in tZ and iP conversion to adenine 
and  its  subsequent  secretion  to  media  were  observed.  In  atpup14 mutants,  the 
relative amount of tZ in plant tissues was lower than in wild-type plants.
5. In Arabidopsis hypocotyl explants, no phenotype response was triggered by either 
atabcg14 mutation, atpup14 mutation, and AtUGT76C2 over-expression.
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